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-SULL, ALTERABILITA DEI MINERALI DELLE ROCCE 


Di CIRO ANDREATTA ‘ 
Italy 


ABSTRACT 


I processi di alterazione dei minerali delle rocce si compendiano di solito in reazioni chimiche che mettono in rilievo 
Pidrolisi operata dalle acque circolanti. Tale modo di rappresentare l’alterazione non é esatto. E’ necessario riferirsi 
sempre alla struttura cristallina dei minerali. Nel complesso edificio di particelle i diversi ioni hanno un comportamento 
in rapporto alle loro proprieta ed ai loro legami e polarizzazioni, ognuno con una propria individualita. L’acqua strappa 
dal reticolo cristallino diversi ioni in tempi successivi; in un lavoro precedente l’autore é arrivato alla conclusione che 
dal reticolo vengono allontanati ioni singoli o gruppi ionici in poliedri di coordinazione. 

Il graduale allontanamento degli ioni positivi dall’edificio strutturale dei cristalli é posto dall’autore anche in rapporto 
con il potenziale di ionizzione degli elementi, per cui i primi ioni strappati da un reticolo dovrebbero essere quelli a pit 
basso potenziale. Per i poliedri di coordinazione é molto pit difficile schematizzare il comportamento. In base a queste 
ed altre considerazioni l’autore indica quali sono i fattori che determinano I’alterabilita dei minerali. 


| PROBLEMI relativi all’alterazione dei minerali hanno offerto materia di frequenti ed ampie 
trattazioni in questi ultimi tempi, particolarmente in relazione con ricerche di grande attualita 
ed importanza quali sono gli studi di pedologia e sulle rocce argillose. 
A mio modo di vedere, perd, queste moderne ricerche sono state indirizzate e svolte quasi esclusi- 
vamente dal punto di vista chimico, passando cosi in sott’ordine la valutazione cristallochimica dei 


 processi. Pur tenendo sempre nella dovuta considerazione la idrolisi operata dalle acque circolanti, 


cioé in definitiva l’azione di un componente del sistema sopra l’altro componente che é il minerale 
in via di alterazione, credo che non si debba trascurare l’azione esercitata dallo stesso minerale sopra 
lo svolgimento del processo. Il minerale non é soltanto una specie chimica, ma anche un aggregato 
spaziale di elementi, nel quale atomi, ioni e gruppi pil complessi hanno tutti una loro individualita 
e inoltre sono strettamente interdipendenti in conseguenza delle reciproche attrazioni che li legano in 
un complesso edificio. 


Secondo le vedute pit recenti sull’argomento, l’alterazione dei minerali delle rocce, essenzialmente 
silicati, si svolge sopra la direttrice di una vera soluzione: l’acqua strappa dai reticoli cristallini ioni 
Oo gruppi di ioni in tanti stadi successivi, fino ad arrivare ad una completa distruzione del reticolo. 
Questo fatto si verifica in particolare nei processi naturali, nei quali l’acqua o le soluzioni circolanti 
si rinnovano continuamente, evitando che si stabilisca un equilibrio del sistema che interrompa il 
processo stesso. 


In un recente lavoro (Andreatta, 1948) ho messo in risalto queste moderne vedute sull’alterazione 
dei minerali; a tale lavoro rimando per la principale bibliografia in proposito. Qui mi limito a 
ricordare una conclusione che ho tratto circa le modalita con le quali si esplica l’alterazione: mentre 
i metalli alcalini e alcalino-terrosi vengono strappati gradualmente dal reticolo cristallino come ioni, 
Si ed Al, e parzialmente forse anche Fe, vengono asportati in aggruppamenti con O e OH aventi 
il carattere e l’individualita di poliedri di coordinazione tetraedrici e ottaedrici. Secondo il mio punto 
di vista, il Si dovrebbe passare in soluzione sotto forma di tetraedri SiO, liberi o variamente legati 
fra di loro con le modalita note per i silicati, dato che é stato sperimentalmente accertato che nelle 
soluzioni di alterazione sono presenti radicali di diversi acidi silicici. Invece Al dovrebbe formare 
poliedri di coordinazione A1X, (dove X é O oppure OH), legati fra di loro in modo da dare frammenti 


- di reticoli aventi forma lamellare (“‘ micelle laminari’’). Questi frammenti laminari formerebbero i 
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germi per la costituzione dei reticoli stratificati dei minerali che prendono origine dalle sostanze — 
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portate in soluzione durante l’alterazione (minerali argillosi in senso lato e idrati di Al e di Fe). 9 
Questo semplice accenno ad una conclusione del lavoro citato fa comprendere come io abbia 
voluto tenere in considerazione, non l’elemento isolato ma I’elemento legato, in un edificio cristallino, 


ad altri elementi pid o meno strettamente, all’opposto di quanto é fatto nella maggior parte delle. 


moderne trattazioni sull’alterazione dei minerali e delle rocce. A questo proposito ricordo interessante 
rassegna dei processi di alterazione, dal punto di vista chimico e geologico, compendiata in un recente 
lavoro.(Reiche, 1945), che comprende anche una ricca citazione bibliografica. 
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Indirizzando la trattazione dei processi di alterazione dei minerali delle rocce sopra l’esame del 
comportamento dei reticoli cristallini durante alterazione stessa, si arriva spontaneamente al 
tentativo di ricercare ed individuare gli argomenti che diano spiegazione del grado di alterabilita dei 
minerali. In altre parole, ho tentato di rispondere a queste domande: perché da un reticolo cristallino 
vengono rimossi diversi elementi in tempi successivi? Perché alcuni minerali si alterano prima ed altri 
dopo in uno stesso processo? E’evidente che se si trovano ésaurienti risposte a queste domande si 
puo arrivare facilmente a compilare in base a dati precisi una scala delle alterabilita dei minerali, 
indipendentemente dai risultati ottenuti dalla pratica sperimentazione. 

A questo scopo ho iniziato una serie di studi che mi hanno convinto delle enormi difficolta che 
esistono per la preparazione di una scala teorica dell’alterabilita. 

Il presente lavoro ha lo scopo di notificare aleune mie considerazioni in proposito e percid non 
puo essere conclusivo. Spero di poter portare a soluzione l’interessante problema in un tempo successivo, 
dopo aver raccolto una grande massa di risultati sperimentali che permettano di controllare punto 


per punto le mie deduzioni teoriche. 
* * % * * 


L’allontanamento degli ioni positivi dai reticoli cristallini dei minerali dovrebbe essere anzitutto 
in rapporto coll’energia di ionizzazione dei singoli elementi e con i legami che trattengono tali elementi 
nel reticolo cristallino, cioé con la loro valenza elettrostatica, per le sostanze aventi reticoli ionici. 
E’noto che fra i composti pit solubili sono quelli dei metalli alcalini, come é altrettanto noto che 
nella maggioranza dei casi gli atomi alcalini sono i primi che si allontanano da un reticolo a costitu- 
zione complessa. Orbene i metalli alcalini sono proprio gli elementi che presentano i minimi valori 


di energia di ionizzazione. Infatti, per estrazione del primo elettrone, cioé per trasformare l’elemento 


in ione positivo monovalente, occorre un potenziale in volts di 3,87 per Cs, 4,16 per Rb, 4,32 per K, 
5,11 per Na e 5,36 per Li. Si noti in particolare che la rimozione di un elemento da un reticolo 
cristallino, nel senso chimico dell’idrolisi, corrisponde proprio alla sua trasformazione in ione. 

Seguono, in ordine di solubilita dei loro composti e di facilita di allontanamento da un reticolo 
cristallino, i metalli bivalenti alcalino-terrosi, che presentano energie di ionizzazione notevolmente 
pit alte di quelle dei metalli alcalini, dato anche che essi si devono allontanare come ioni positivi 
bivalenti. La stessa intensita dei legami, che é maggiore per tali elementi bivalenti rispetto a quelli 
monovalenti, si oppone pill fortemente alla rimozione dal reticolo cristallino essenzialmente in base 
alle stesse ragioni fisiche. 

Quando infine consideriamo elementi trivalenti e tetravalenti, che posseggono ancor piv alti valori 
di energia di ionizzazione, siamo indotti ad ammettere che la semplice azione idrolitica delle acque 
circolanti non riesca pil a staccarli dagli altri elementi del reticolo cristallino direttamente collegati 
con essi. Ho gia in precedenza illustrato il mio parere riguardo all’allontanamento di Al e di Si dai 
reticoli cristallini, che dovrebbero staccarsi in forma di poliedri di coordinazione. Per tali aggruppa- 
menti ¢ evidente che non si puo parlare di energia di ionizzazione: siccome all’esterno di questi gruppi 
di coordinazione vengono a trovarsi ioni di O, si potra se mai parlare di affinita elettronica di questi 
atomi. 
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ANDREATTA: ALTERABILITA DEI MINERALI 


_ Nei minerali a composizione molto semplice credo sia facile calcolare senz’altro Palterabilita 
in base alle energie di ionizzazione degli atomi metallici. Ma formare una scala di alterabilita solo 
riferendosi a questi valori non é stato possibile, perché ho dovuto constataré che Valterabilita dei 
minerali, e percid la stabilita di fronte all’alterazione, dipende da diversi altri fattori. 

_ Oltre alla bassa energia di ionizzazione ed ai deboli legami nel reticolo, ritengo siano fattori di 
alterabilita anche condizioni puramente cristallochimiche, soprattutto le modalita di aggregazione 
degli elementi. Cosi, per esempio, la presenza di tetraedri di coordinazione A10, é, secondo me, fattore 
di instabilita. Gia ho dimostrato nel lavoro citato in precedenza, che il tetraedro A1O, non é fra i 
pit stabili, dati i rapporti fra i raggi ionici dei componenti; tale tetraedro tende a Pea in 
ottaedro AlX, (dove X sia O oppure OH). ice 

In base a questa conclusione gli allumosilicati verrebbero ad essere pid alterabili dei tS Sea 
termini non alluminiferi e tanto piv alterabili quanto maggiore é il contenuto di gruppi A1Q,. In 
realta € stato stabilito che nefelina e leucite sono fra i silicati pit facilmente alterabili e che fra i 
feldispati i pit stabili di fronte all’alterazione sono i termini alcalini puri, mentre l’anortite é abbastanza 
facilmente alterabile. 

In senso completamente opposto dovrebbero far sentire la propria influenza i tetraedri di 
coordinazione SiO,, ’abbondanza dei quali dovrebbe rappresentare un elemento di stabilita di fronte 
all’alterazione. Nello stesso senso, e per le stesse ragioni, devono agire i legami pid o meno abbondanti 
fra i tetraedri. Dunque in linea generale si dovrebbe notare una diminuzione di alterabilita passando 
dai silicati a tetraedri isolati (nesosilicati), a quelli a gruppi (sorosilicati), ai silicati a catene (inosilicati) 
ed a strati di tetraedri (fillosilicati), fino a raggiungere il massimo di stabilita nei tettosilicati, come 
per esempio nel quarzo, scarsamente alterabile e solubile. Naturalmente si deve sempre tener presente 
Pinfluenza positiva o negativa degli altri fattori, che possono spiegare la maggior parte delle eccezioni. 
Cosi la presenza nel reticolo cristallino di poliedri di coordinazione molto stabili di fronte ai processi 
di alterazione, rende poco alterabili alcuni nesosilicati e sorosilicati, come la presenza di poliedri poco 
stabili (per esempio A1O,) rende instabili diversi tettosilicati. 

Poliedri di coordinazione che abbassano V’alterabilita di molti silicati ritengo siano gli ottaedri 


' AIX, ed altri analoghi poliedri a grande stabilita (TiO,, ZrO,, ecc.). Cosi si spiegherebbe la scarsa 


alterabilita dei granati, nel reticolo dei quali esistono poliedri A1O, oppure Fe’’’Og, dello zircone che 
contiene gli ottaedri ZrO,, del rutilo che contiene ottaedri TiO,, della cianite che possiede pure gli 
A10,, ecc.; mentre questi minerali per la presenza di pochi tetraedri SiO, non dovrebbero essere molto 
stabili. ° 

Il concetto dell’influenza della quantita di tetraedri SiO, sopra la alterabilita dei silicati é gia stato 
implicitamente accettato (vedasi anche il riassuntivo citato lavoro di Reiche), ma € stato espresso 
diversamente, cioé sempre con senso chimico. Infatti in tutti i trattati della materia si pud leggere che 
lalterabilita dei silicati aumenta quanto pit questi minerali sono “ basici,” cioé ricchi di ossidi 
metallici e poveri di SiO, (olivina, anortite, ecc.). Questo concetto in definitiva concorda anche con 
la mia conclusione prima enunciata, essere cioé l’alterabilita dei silicati tanto maggiore quanto pit 
alto é il contenuto in metalli monovalenti e bivalenti, a bassa energia di ionizzazione. 


* * * * * 


Da questi brevi cenni si pud genericamente dedurre che, secondo l’autore, l’alterabilita dei minerali 
delle rocce, riferita al reticolo cristallino, dipende essenzialmente da questi tre fattori: 

(1) L’energia di ionizzazione degli elementi metallici facenti parte del reticolo cristallino e 
Vabbondanza degli stessi elementi. 

(2) La stabilita dei poliedri di coordinazione degli elementi a pit alta valenza, stabilita che si 
deduce dai rapporti dei raggi ionici dei componenti. 

(3) L’abbondanza relativa dei tetraedri SiO, ed il numero dei legami fra gli stessi tetraedri e in 
generale il motivo strutturale col quale sono collegati nello spazio i diversi poliedri di coordinazione. 

7 


PART II: PROBLEMS OF GEOCHEMISTRY 


Nessuna relazione ho potuto trovare fra l’alterabilita dei minerali delle rocce e l’addensamento 
delle particelle nel reticolo cristallino nel senso del “ packing index ” (Fairbairn, 1943). 
E’da notare infine che le considerazioni espresse nella presente comunicazione si riferiscono 


ai composti aventi reticoli ionici, non ai composti con legami omeopolari 0 a quelli con reticoli 
metallici. 
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NEW SILICATE STRUCTURES 
By N. V. BELOV 
U.S.S.R. 


ABSTRACT 

In recent years the author has established several new silicate structures. 

The structure of catapleiite, Na,Zr(Sis0,).2H,O provides the second example of a metasilicate with threefold rings. 
The second example (after beryl) of a silicate with sixfold rings is dioptase, which has thus proved to be not an ortho-, 
but a metasilicate, Cu,(SisO,,).6H,O, with water of the zeolitic type in the large cavities between the rings. 

In 1947-48 the ring structure of the Alpine beryllium silicate, milarite, KCa.(Be,Al)3Si,.(0,OH)3) was demonstrated; 
the sixfold rings of this mineral were found to be twice as high as those of beryllium, with the formula (Sig,. 201s 2-3) = 
(Si,203,). Of the four oxygens around each Si, three are shared with the other silicons and not two as in metasilicates, 
which means that this is a silicate of the Si,O; type, however, not of the layer but of the “‘ Insel” type. 

In the ramsayite (lorenzenite) Na,Ti,Si,O,, from Khibina, the existence of infinite metasilicate chains (SiO,)co of the 
pyroxene type has been proved, contrary to a ratio of Si: O = 1 : 44 in the gross weight formula. Three oxygens of 


every nine are not linked to silicon but link only atoms of titanium and sodium. These latter also form chains, approaching 
magnesium chains in the same pyroxenes. 


COSMOGONY AND GEOCHEMISTRY 


By R. W. van BEMMELEN 
Netherlands 
ABSTRACT 


An attempt is made to describe geological evolution as a link in cosmic evolution. Stages of cosmic evolution are 
distinguished with emergent leading principles. In stellar evolution, the course of the process is determined by nuclear 
reactions; in the development of planets the reactions between the outer electronic shells play a dominant réle 
(geochemistry). 

Discussion of the origin of the planetary system, the formation of primordial planetary globes of gaseous solar matter, 
contraction and fractional condensation of the latter, the expulsion of the moon according to a combination of the 
tidal and resonance theory of G. H. Darwin and Jeffreys with the rocket principle. 

The deductive reasoning gives a postulate about the initial state of the earth at the beginning of the geological history 
(anhydric phase). Further deduction leads to prognostic conclusions about the character and course of the endogenic 
process. These deductions can be tested and corrected by the diagnosis of the actual state by geology and geophysics. 
The source of endogenic forces is the energy liberated by irreversible, physico-chemical chain-reactions. 

Thus we obtain a consistent explanation of the cause and interdependence of such phenomena as orogenesis, 
epeirogenesis, growth and decay of the sialic crust, gravity anomalies, deep-focus shocks, etc. 


I. INTRODUCTION 


EOLOGICAL evolution forms a link in the evolution of our cosmic system. Therefore, a 
theory on the evolution of our planet has to fit into our general conception on the development 
of the universe. The initial stage of planetary evolution is the result of the preceding evolution 


_ of the sun and we can obtain some insight about this stage by means of the science of astrophysics. 


The final stage can be studied by the sciences of geophysics and geology. Between both there is a large 
gap in our observations. Two methods can bridge this gap between stellar and planetary evolution. 
We can start from the former process and extrapolate it by deductive reasoning, according to the 
general laws of physics and physico-chemistry. Or we can start from the present state of the earth 
and try to reconstruct older stages by means of inductively obtained geological laws. The best method 
is to work from both sides. The correctness of the deductive way of reasoning can be tested by geology, 
and that of the inductive way by the postulate obtained from heliology. 

When we try to reconstruct the situation at the beginning of geological development by means of 
the inductive method alone, we can never be certain about the correctness of our conception because 
many ways of evolution, starting from quite different initial situations, may have led to the present one. 

When following the inductive way of reasoning and extrapolation the question always arises whether 
the conceptions about the initial situations are in harmony with the preceding stellar and planetary 
evolution. The cosmogony of our planetary system provides the postulate for the ensuing geological 
evolution. From this initial stage the latter can only evolve along one main way, according to the 
general physical and physico-chemical laws, leading on to the present situation, The coercive course 
of the further evolution, when starting from a given postulate about the initial stage of a system, is a 
great advantage of the deductive way of reasoning. It provides a number of tentative prognostic 
conclusions, which can be tested by geophysical and geological observations. Therefore, it is desirable 
to obtain a conception about the initial stage of the earth as the result of the preceding cosmogony. 
This is attempted in the following pages. 


II, COSMIC EVOLUTION 


It is possible that Einstein’s static model of the Universe (with finite concentration of matter), 
and de Sitter’s model (with red-shift in the light of distant particles but no finite concentration of 
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Fic. 1.—Hierarchy of the states of cosmic evolution. 


For instance, nuclear reactions are the leading principle in stellar evolution (astrophysics), whereas 
reactions between the electronic shells of the elements determine the course of planetary evolution 
(physico-chemistry). . 

Under favourable conditions the physico-chemical flow of free energy may assume a canalized 
course, giving rise to living creatures with metabolism (selective assimilation and dissimilation). 

Finally, the “symbolic knowledge”? (Eddington) might be another emergent principle of 
evolution in the psychic state of development. 

Natural Science strives for a uniform way of description of the universe by means of symbolic 
knowledge. For such a description the hierarchy of the states of organization has to be taken into 
account. , 

The emergent principles of biological evolution do not affect the planetary evolution; but the 
natural laws of the latter are also valid for life. 

In the same way the principles of physico-chemistry, which play a leading réle in planetary evolution __ 
are of no importance for stellar development; but the natural laws of astrophysics are also fundamental __ 
for geophysics. . 

The transitions of a state of evolution to the next higher one form the critical movements in the 

10 


ai 7 eS ag ~_s*, - > ~~ 7 i ‘a ee” eae 
wae 3 ; F i : oe cae : i an 


. ret he kre e = 


ia ) ; - 

| =. VAN BEMMELEN: COSMOGONY AND GEOCHEMISTRY 
whole process; transition of galactic nebulae into stars, formation of a planetary system from a star, 

origin of life on the earth, and creation of psychic entities, 
Geologists are specially interested in the cosmogony of our planetary system in relation with the 
ostulate for the initial state of the evolution of the earth. Many theories have been advanced, but as 
_ yet not a single one is entirely satisfactory. Perhaps a solution might be found with the aid of recent 

astronomical observations on planetary nebulae. . 
' _ According to the Russell diagram the contraction of spherical gas masses (giants) changes potential 
ipnetey into kinetic energy (heat) and radiation energy. 

Due to the rise of temperatures and pressures in the internal part of the stars transmutation energy 
is liberated also by nuclear chain-reactions. The radiation pressure rises and, finally, it becomes as 
large as the force of gravitation so that no further contraction is possible. Then cooling begins and the 
stars evolve into dwarfs along the main branch of the Russel diagram. 

At the stage of development when the radiation pressure counterbalances the force of gravitation, 
a meta-stable situation may originate. When the enormous production of transmutation energy 
cannot be liberated by radiation, first pulsations enlarge the radiating surface. But when this means 


is also insufficient Nova-explosions may occur. Gaseous matter is expelled with radial velocities of | 


about 1,000 km. per second. Besides the relatively small gas shells expelled by Nova-explosions, 
larger gas rings are known called planetary nebulae. The latter have diameters of 0-05—1-00 light- 
years, densities of 10-*° grams per cm*, and central stars of the O and W spectral types. 


The expelled gas of Novae is of the order of 10-° masses of the sun and that of radiating parts of 


planetary nebulae is 10-* masses of the sun (their total mass is presumably some ‘dozens of times 
larger). The radial velocities of planetary nebulae are of the order of 10 km. per second (4—50 km. 
per second). 

The relations between Nova gas-shells and planetary nebulae are not yet well known. The Crab 
Nebula in Messier 1 (N G C 1952) is the result of a super-Nova-explosion in 1054 and is still expanding 
with a velocity of 1000 km. per second. This nebula must have a large mass otherwise its speed would 
have been checked by the interstellar gas. It is conceivable that super-Novae explosions produced 
planetary nebulae. 

The size of our planetary system is between those of the Nova gas-shells and of the planetary 
nebulae. Therefore, it might be suggested that in some cases the masses of the expelled gas. shells and 
their initial radial velocities were such that an equilibrium was reached; gas rings originated which 
rotated at fixed distances around the central star. Then a system would have been formed comparable 
with the cosmogenic conception of Kant and Laplace. 

Afterwards these gas rings would concentrate around their densest parts, forming planets. Such a 
line of thought would’ explain our planetary system as a normal, monoparental product of stellar 
evolution. 

A difficulty for such a concentration would be the absence of a centre of gravitation. R. Schwinner 
(1936, p. 45 et seq.) pointed out that a planetary gas-sphere, a miniature star of the Eddington-model, 
could not exist due to the small mass of the planets. It should have very low temperatures, but then the 
Fe, Ni, SiO, and other oxides would not be present in a gaseous state. Could it be that meteoric masses, 
belonging to our solar system, acted as centres of condensation in these planetary nebular rings? 
Such a solution has been suggested by Schwinner (1936, 1. c, p. 310, 313). 

The biparental formation of our planetary system according to the collision theory of Moulton 
and Chamberlain is at present preferred by many authors. The chance is very small that such a collision 
or near passage between our sun and another star has occurred during the time available for the 
evolution of our galaxy, even if we take into account the reduced dimensions of the universe some 
thousands of million years ago (Principle of the expanding Universe). According to such a collision 
theory our planetary system would merely be a whim of Nature. However, the law of Titius and Bode 
is opposed to such a haphazard way of origin, as is suggested by the biparental or collision theory. 
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; Wl. PLANETARY EVOLUTION 
The gaseous clouds of solar matter forming the primeval stage of the planets will at first have beet 


- them into gaseous globes, rotating around the parental star.* It can be supposed that the contract 
of the cool and rarified spheres of solar matter will again cause a rise of temperature. On account of . 
the much smaller dimensions of planetary gas spheres, as compared with stellar gas masses, the 
“resulting pressures and temperatures will be thousands of times lower than in stars. Whilst in the 
latter nuclear reactions (forming complex elements) are the most typical process, in planetary gas - 
spheres only reactions between the electronic shells around the nuclei of the elements occur (besides 
spontaneous radio-active disintegration of certain elements and their isotopes). In other words, the 
chief difference between the stellar and the planetary evolution is that the former is governed by — 
nuclear physics and the latter by chemical reactions. Therefore, geochemistry is a fundamental 
science for our knowledge of the evolution of the earth. 


IV. FRACTIONAL CONDENSATION OF THE PLANETARY GAS-SPHERE 


The temperature of the contracting sphere of gaseous solar matter which formed the initial state 
of the earth may first have risen to about 10,000° C.; thereafter radiation will have caused a rapid 
cooling. It is clear that the lighter elements, especially hydrogen, were partly dissipated into space — 
during the maximum temperatures, owing to the relatively small magnitude of the force of gravitation. — 
This explains the difference between the mean composition of the outer part of the sun (according to 
Russell), and that of the earth (according to the calculations of Niggli, Washington, and Linck). 

Kuhn and Rittmann (1941) reject Goldschmidt’s hypothesis that a liquid earth-sphere has split 
up into an iron core, an oxysulphide shell and a silicate mantle. They suggest that the core of the — 
earth still consists of solar matter in a highly compressed, supercritical state. This core is surrounded 
by a magmatic sphere of molten silicates and the outer shell is formed by a solid crust. 

Provisionally we may leave unanswered the question whether the core of the earth has maintained 
the mean composition of the original gaseous solar matter or whether it is composed of a denser 
meteoric mass of Fe and Ni. But it is indeed highly improbable that the primeval gas-sphere first 
condensed into a liquid sphere and that thereafter a liquidation of this melt occurred as was suggested 
by Goldschmidt. In the case of the blast furnace process we start with solid material, which is rendered 
molten, and then liquidation occurs into pig iron, matte and slag. In the case of the formation of the 
earth quite the reverse path was followed. 

For the earth, the initial state was that of a more or less homogeneous gas-sphere, the condensation a 
of which produced a layered liquid sphere. This layered structure of the earth is most probably the 
result of a fractional condensation of the primeval gas-sphere during its cooling (by radiation and by 
evaporation of the lighter elements into space). ‘= 

During this condensation the earth’s shells successively came into existence. The condensation _ 
depends on the partial pressures of the elements and their compounds in the gas and on their boiling 
temperatures under the then existing general conditions of pressure and temperature. - 
ee eee 


*MERCIER (Nature, vol. cxli, p. 201, 1938) estimates that the diameter of the primordial globe or polytropic gas sphere __ 
from which the earth has been formed had a radius of 124,000-220,000 km. (mass 6 x 1027gm., central temperature about 
6,000°K, corresponding with the effective temperature of the sun at time of formation). 
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phere, 2) the radius and electro-chemical valency of the ion (Coulomb forces), (3) the 
y atoms in the compound, (4) the enveloping of the central positive ions by negative ions, 
Van-der-Waals forces in the liquid phase (cohesion), “a Be 


As the maximum temperature of the gas-sphere chemical compounds could not yet exist. The gas 
ama sted of mono-atomic and ionic particles. Those with the smallest radii and the highest partial 
pr es will have concentrated in the central part of the gas-sphere, (iron atoms and ions, and the 
othe: + siderophile constituents). This central part was highly compressed forming the earth’s core, 
consisting of mono-atomic and ionic matter in a hypercritical state. Its temperatures might be as high 
is 12,000° C. according to Kuhn and Rittmann (1941, p. 246). 

__ With falling temperature bi-atomic compounds, especially those held together by two or more 
chemical valencies, could be formed in the gas. These attained such high partial pressures that their 
condensation ensued (compounds of chalcophile elements). Thus the intermediate shell of molten 
Matter came into being. 

| At still lower temperatures also pleo-atomic compounds of lithophile elements became relatively 
stable, especially SiO,, When SiO, molecules once condensed they were firmly kept in the belt by 
‘Coulomb-forces due to the formation of [SiO,]* ions. The condensed matter assumed subsilicatic 
composition (sifema). The gradual transition between the di-atomic, intermediate shell and the silicate 
mantle is presumably situated at a depth of about 1,200 km. beneath the present surface. 

It can be supposed that during the first stages of the condensation of the silicate mantle the 
viscosity of the melt was still relatively low. Consequently, convection currents could stir the melt, 
giving it a homogeneous composition. The decreasing temperature and pressure of the remaining 
gaseous envelope caused a boiling up of the more volatile constituents. This caused perhaps two- 
phase convection currents by the foaming up of the melt, which was at the boundary of the equilibrium 
between gas-liquid. The more volatile constituents escaped again into the remaining part of the hot 
and heavy gas mantle. Thus the equilibrium between the melt and the gaseous envelope could be 
fairly well maintained for some time. 

But with further decrease of temperature the silica content of the melt increases more and more 
and also A1,O, was incorporated in it. The outer shell of condensation was saturated with silica. 
Chains and plates of complex ions were formed in the melt, and due to the increasing size of the 
molecules the Van-der-Waals forces became more and more important. This gave a rapid increase 
of the viscosity during the condensation of the last few hundreds of kilometres of the silicate mantle. 
This outer shell might be called “ sialma” or “ salsima.” In this salsima stage of condensation the 
retrograde boiling, effective during the condensation of the sifema, came more or less to a halt. A 
free exchange of constituents between gas and melt was no longer possible. The cooling of the deeper 
parts had to occur chiefly by conduction, so that in this outer shell steep temperature gradients came 
into being. 


‘ 


¥. HYPO-VOLCANISM AND THE BIRTH OF THE MOON (SELENOLOGY) 


The decreasing pressure and temperature of the gaseous envelope of the earth caused an over- 
saturation of the more volatile constituents in the silicate melt. But the viscosity of the salsima shell 
hampered their escape by retrograde boiling, in contrast to the situation during the condensation of 
the sifematic melt. 

Meanwhile the earth was rotating in the gravity field of the sun*, so that the silicate mantle was 


*One rotation in about four or five hours, according to G. H. Darwin’s calculations. The ratio between the tidal 
forces of the sun and the moon is at present 1 : 2-3 
13 
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VAN BEMMELEN: COSMOGONY AND GEOCHEMISTRY 


_ periodically subjected to decrease and increase of pressure by tidal waves. The accumulation of 
_ volatile constituents at its base (perhaps largely hydrogen from the inner part) caused finally a foaming 
up by the pull of the tidal waves. This foaming up more and more increased the height of the tidal 
waves in the silicate mantle. The blisters occasionally burst open and terrific volcanic explosions 
_ occurred, emitting gases of sifematic matter through temporary rifts in the viscous salsimatic shell, 
_ and throwing up large slabs of salsima. 


___ The liberation of volatiles from the deeper levels, breaking through the highly viscous sphere of 
_ salsima, caused a phase of deep-seated violent hypo- or archaeo-volcanic activity. The acme of this 
_ archaeo-volcanism, aided by the pull of tidal waves at the equator, may have caused the expulsion of 

apart of the silicate mantle. An enormous blister forming the top part of the tidal wave was shot like 

_ a huge rocket outside the limit of Roche (2.4 times the radius of the geoid)* by means of the explosive 
volatization of the sifematic matter at its base.t Thereafter the silicate slab assumed (by its own 
force of gravitation) a spherical shape, thus becoming our satelite the moon, with a specific density 
of 3.34. This conception of the origin of the moon is a combination of the tidal and resonance 
hypothesis (by G. H. Darwin and Jeffreys) with the rocket principle. 


Such a formation of satellites by a physico-chemical meta-stability in the final stages of the 
condensation of planets would be to a certain extent, although on a much smaller scale, a repetition 
of the formation of planets by stars due to nova-explosions and the expulsion of planetary nebulae, 
as suggested in Section II. The planetary masses were expelled from the sun in a gaseous state and 

_ the moon was detached from the earth in a liquid state. 

The earth mass had still enough free energy to continue its evolution after the pyrospheric phase 
-with hypo-volcanism. This energy caused the geological development with cycles of mountain building 
_and the present epi-volcanism. The amount of free energy in the mass of the moon was too small 

for such a subsequent evolution. Its development stopped after the release of its volatiles and it 
_ quickly cooled down to a rigid sphere of silicate glass, deprived of its more volatile constituents. 
The volcanic scars on the surface of the moon are comparable with the picture of the face of the earth 
during its pyrospheric stage of evolution with hypo- or archaeo-volcanism. 


The healing of the wound in the side of the earth occurred by plastic deformation of the sifema 
shell, but it caused deformations of a tougher nature in the highly viscous salsima shell. The latter 
covered only the marginal parts of the Pacific which is supposed to be the site of the moon-expulsion 
(Fisher, Pickering). The distortions and dilatations of the sialsima shell during the expulsion of our 
satellite at the end of the pyrospheric stage of development might have produced the fundamental 
geotectonic pattern of the earth.{ This pattern predestined the course of the ensuing geological 
evolution and orogenesis. 


VI. COSMOGONIC POSTULATE OF THE GEOLOGICAL STATE OF EVOLUTION 


The foregoing deductive reasoning has led us to the following postulate about the state of the earth 
at the beginning of the geological evolution about 2 x 10° years ago, 

At this stage the earth consisted of a core of solar or meteoric matter in mono-atomic and ionic 
state. This might be rich in hydrogen, perhaps some 30 per cent, as was suggested by Kuhn and 
Rittmann (1.c., 1941) and Kronig, de Boer and Korringa (1946) are of the opinion that this is physically 
possible when the hydrogen in the core is present in an atomic phase, passing at a depth of about 
2,900 km. into a molecular phase. This core was surrounded by an intermediary shell of bi-atomic 
compounds (from about 2,900 km. to 1,200 km. depth), which passed outward into a silicate melt of 


* According to the Encycl. math. Wissensch., the limit of Roche is 2:87 earth radii. 
{SCHWINNER (1936, p. 310 ef seq.) also suggests an explosive origin of the moon, by means of the expulsion of 
hydrogen from the inner part of the earth. iC 
See figures 4 and 5 in the author’s paper: “ De physisch-chemische ontwikkeling der Aarde.” Geol. en Mijnbouw, 
Jan. 1949. 
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_ VAN BEMMELEN: COSMOGONY AND GEOCHEMISTRY 


pleo-atomic molecules. The silicate mantle can be divided into a bathysphere of subsilicatic composi- 
tion (sifema) and an outer shell of ortho- to meta-silicatic composition (sialma or salsima). 

The latter was not evenly distributed on account of the expulsion of the moon. It varied in 
_ thickness presumably from one to two or more hundreds of kilometres. If present in the inner parts 
_ of the Pacific, it occurred there in a degenerated state, deprived of more volatile constituents. During 
_ the subsequent geological evolution the salsima of the Pacific area was not subjected to an important 
_ hypo-differentiation, but simply passed into the crystalline state down to a considerable depth. The 
_ primeval atmosphere at the initial geological stage still had a temperature of some hundreds of 
f degrees (Rittmann, 1939). 
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-Fic. 4.—Hypothetical graph of the conditions near the surface of the earth during the fractional 
condensation of the primeval gas sphere. 


VII. HYPO-DIFFERENTIATION 


The expulsion of the moon formed at the end of the deep-seated archaeo-volcanism, since then it 
was no longer possible for the volatile constituents in the sifematic part of the silicate mantle to break 
explosively through the salsimatic shell. The adjustments of the chemical composition of the melt to 
the changing conditions of temperature and pressure occurred thereafter chiefly by means of ionic 
and atomic diffusion. It is to be expected that the surplus of hydrogen, entrapped in the melt during 
the earlier stages of condensation of the planetary gas sphere, has a tendency to migrate upward and 
outward. Such a front of hydrogen emanations will have a positive charge and this electro-chemical 
field will influence other ions in the melt. Especially the small Sit* ions (0-39 Angstrom units) will 
be driven outward in front of it, moving through the spaces between the large oxygen ions (1:35 A.u.)*. 
Such ionic diffusions will cause a differentiation of the salsima shell. The lower section of the latter, 
deprived of part of its silica-content, will become ultra-basic (simatic) and the higher section inter- 
mediary to acid (sialic). Such a disperse diffusion-differentiation provides a tendency to form a 
layering in the outer salsimatic shell. el hes 

Such deep-seated processes of chemical differentiation, either by diffusion or by gravitative 
crystallization differentiation, might be called “ hypo-differentiation,” distinguishing them from the 
shallower processes of “ epi-differentiation ” of intra-crustal magmas, which are studied as samples 


of igneous rocks. 


— 


VIII. HYPO-DIFFERENTIATION AS THE SOURCE OF ENDOGENIC FORCES 


Since 1931 the author has advocated the idea that the “ hypo-differentiation ”’ is the main source 
of the endogenic forces. The hypo-differentiation of the largely undercooled salsima shell will start 


*Oxygen occupies 91-77 per cent of the space in the outer part of the silicate mantle (“‘ oxysphere ” of Goldschmidt). 
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Fic. 5.—An orgenic cycle caused by hypo-differentiation. (Sial and sima-shells 
formed by previous cycles not distinguished.) 


Under the side-deeps of the uplift the salsima is subjected to a relief of pressure, and a steepening 
of the gradients of temperature and concentration. Consequently, there also the process of hypo- 
differentiation will be started. After an incubation period of some dozens of million years also under 
the side-deeps sialic roots (asthenoliths) and simatic antiroots are generated. Thus the impulse of 
orogenesis spreads laterally in ever widening arcs from foci of diastrophism (orogenic systems or 
undation systems). 

Such wave-like deformations of the earth’s surface by differential radial movements disturb, in 
their turn, the gravitational equilibrium in the crust and its sedimental epidermis. In other words, 
they form accumulations of potential energy. Gravitational reactions will set in, causing dilations 
of the uplifted belts and compression of the depressed ones. Such gravitational reactions cause 
tectogenetic deformations in the epidermal, dermal and bathydermal levels of the tectonosphere. 

Thus we arrive deductively at the conception that depressed areas (geosynclines) are the birthplace 
of mountain systems, which is confirmed by the inductive diagnosis of geology. The roots of orogenic 
uplifts are formed by accumulation of sialic material from below. Such mountain roots, called 
“‘asthenoliths ” by the author, might be compared with the natural roots of teeth, because they 
accumulate before the pressing up of a mountain range, just as the teeth are formed in the jaw before 
they grow out. This conception stands in contrast to the formation of mountain roots by crustal 
buckling, as conceived by Vening Meinesz. The mountain roots according to the buckling hypothesis 
are squeezed down into the substratum like the artificial roots of dowel crowns. 

The bicausal interpretation of orogenesis and tectogenesis by endogenic differential uplifts on 
the one hand and gravitational reactions on the other, provides an unstrained scheme for the inter- 
pretation of the evolution of mountain systems. The interdependence of the processes of orogenesis, 
tectogenesis, volcanism, earthquakes, and isostatic anomalies can be consistently explained in this 
way. An example of such a bicausal interpretation of regional geological evolution is given by the 
author in his book on the Geology of Indonesia (1949). 
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- VAN BEMMELEN: COSMOGONY AND GEOCHEMISTRY - 

Rs _ 1X. HYPO-DIFFERENTIATION AS THE CAUSE OF EPEIROGENESIS: AND DEEP-FOCUS EARTHQUAKES 

: The liberation of the physico-chemical energy of the salsima shell causes orogenesis, with rhythmic 
_ intervals of the orogenic phases of some dozens of million years. When this energy is consumed the 


_ period of mountain building, such as the Hercynian and the Alpine periods, comes to a temporary 
_ standstill. . 


5 "However, the hypo-differentiation of the salsima shell is only a first stage in the tapping of the - 
_ endogenic energies. When such a cycle is completed, cooling penetrates into deeper levels of the — 


_ Silicate mantle. The partly crystalline simatic shell of the tectonosphere, that is the layer between 
_ the seismic Mohorovicic discontinuity and the base of the tectonosphere at about 100 km. depth, 
will be heated from below and ultimately be remelted. Moreover, the upward diffusion of constituents 
_ from deeper levels continues, causing an enrichment of the sima with silicon ions and other constitu- 
ents. The rise of temperature and the process of diffusion transform the sima layer into a kind of 

_““sima-asthenolith,” which is composed of regenerated salsima. This transformation of sima into 

~salsimatic magma bears some resemblance to the transformation of the sialic crust into palingenic 
magmas by migmatitization. We might speak of “‘ hypo-migmatitization ” of the sima, distinguishing 
it from “ epi-migmatitization ” of the sial crusts by underlying asthenolithic roots of sialic magma. 

At the surface the hypo-migmatitization will cause broad-warped tumescences of the epeirogenic 
type. The sialic crust will be corroded from below by activated and regenerated salsima. Finally, 
the salsima, contaminated by crustal matter, may reach the surface, giving rise to voluminous 
extrusions of plateau-basalts. 

_ The effect of these magmatic processes is two-fold. In the first place, they cause a concentrated 
transport of energy to the surface, so that cooling prevails again. In the second place, the consolidated 
intrusions and extrusions of basalts cause an important increase of the mean specific density of the 
sialic crust, which disturbs the gravitational equilibrium. Therefore, in the final stage of such a 
tumescence of continental dimensions a break-down occurs, and the crust will sink down again, even 
to oceanic depths. Atlantis, Lemuris, Eris, passed through such major cycles respectively in Jurassic, 
Cretaceous and Lower Tertiary times (geo-undations, with a period of some hundreds of million 
years; decay of old continents), 

Such extensive epeirogenic movements are accompanied by mass-displacements in the silicate 
mantle down to considerable depths below the tectonosphere (to which are restricted the mass- 
displacements accompanying the common orogenic processes). Zones of shearing-stresses originate, 
which dip from the margins of the subsiding continental blocks under the adjoining continents. In 
these zones the shearing stresses may locally accumulate so rapidly, that they cannot be released by 
plastic deformation. Intermediate and deep-focus shocks are the result. Such shocks will be found 
only in such areas, where geo-undatory movements are still in progress. Therefore, they are not 
found around the Atlantic basin, but they are a common feature around the Pacific, where border- 
continents are subsiding in the present state of the geological evolution. 


X. CONCLUSION 


The salsima acts during geological evolution as a “cambium,” being the formative layer of 
parental magma between the upper and lower layer of the tectonosphere (respectively sial and sima). 
The intermediate salsima layer is, to a certain extent, an intermediary station for the flow of energy 
from the inner parts of the earth to the surface, where the energy is finally radiated into space. The 
flow of energy from the inner parts of the earth to the surface is not a simple thermal phenomenon, 
as was thought by the adherents of the contraction theory. Neither is it a purely thermo-dynamic 
process, as is conceived by the supporters of the hypothesis of convection currents in the substratum. 
This convection hypothesis only takes into account the reversible expansions and contractions by 
variations of temperature and pressure. The evolution of the earth is essentially a physico-chemical 
process, a complex of exothermal chain-reactions due to (and retarding) the cosmic process of cooling 
of our planet. During geological evolution the flow of free energy is continually changing from one 
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state into another. As on a Jacob’s ladder, the constituents may ascend and descend by diffusion 
cording to the existing physico-chemical gradients. 

These physico-chemical chain reactions as a whole are irreversible because they occur according to 
the second main law of thermo-dynamics. The distribution and organization of primeval solar matter 

in the shells of the earth cause a general rise of the entropy of our planet, whilst the reserves of physico- 
chemical potential energy are gradually diminishing (ageing of the earth). : 

5 _ The main difference between stellar and planetary evolution is the much lower energy level of the 
latter. In stellar evolution the main source of energy is the transmutation energy liberated by nuclear 

Teactions, whereas for planetary evolution reactions between the electronic shells of the constituents 
can be considered as the source of the endogenic forces. 

__ Radio-active energy, liberated by nuclear disintegrations, may have been very important during the 
first stages of planetary evolution; for these unstable constituents are an inheritance of the preceding 
evolution of the mother star. But most of this heritage was spent in the earlier phases of planetary 
evolution. During geological evolution (sensu stricto) the liberation of physico-chemical energy 
by exothermal chain-reactions is the emergent leading principle. 

Thus deductive reasoning from a cosmogonic point of view has led us to the conclusion that 
geo-chemistry is the fundamental principle for our understanding of geological evolution and the 
accompanying endogenic processes. The prognostic picture, tentatively arrived at, can be tested by 
geologic, petrologic, gravimetric, seismologic, and other observations. With the aid of these observa- 
tions it is possible to trace the errors in the deductive extrapolations, thus accomplishing the necessary 
adjustments in our general conception of the evolution of the earth. The problem of origin and 
evolution of the earth is so complex, that for its solution we need the co-operation of specialists in 
various realms of natural sciences. This paper endeavours to stimulate such a co-operation by outlining 
a general working hypothesis, which still has to be tested in its many-sided aspects. 
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DISCUSSION 


J. P. MARBLE congratulated Dr. van Bemmelen on his masterly presentation of a very interesting theory. He had 
never listened to a theory of earth evolution and development that took into account so many petrologic and geologic 
considerations. A great deal of work should arise as the result of this paper, both by those who did not agree with the 
author’s views, and by those who did. The results of Dr. van Bemmelen’s views should be far-reaching. 
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ON GEOCHEMICAL TYPES OF OROGENIC ZONES 


By Y. A. BILIBIN 
U.S.S.R. 


ABSTRACT 

Two principal geochemical types:of orogenic zones may be distinguished. S. S. Smirnov, Member of the Academy 
of Sciences of the U.S.S.R., has designated them as the internal and the external zones of metallogenic belts. Within 
the external zones, the West-European and the East-Asiatic subtypes are distinguished. 5 

The internal zones are characterized by an extensive manifestation of basic and ultrabasic magmas and of their acid 
sodium differentiates. Potash granites occur rarely, but alkaline rocks are rich in potassium. 

In the external zones, basic and ultrabasic rocks are feebly developed. Potash granites are common. Alkaline rocks 
are represented by the sodium series. 

The endogenetic mineralization of the internal zones is characterized by the metals of the Fe group, and of the group 
of Pt, Cu, Mo, Hg. Occurrences of Sn, W and Bi are insignificant. Characteristic of the external zones are Sn, W, 
Bi, Pb, Zn; Pt, Cr, and Ti are almost entirely absent. 

The different geochemical types of orogenic zones differ in the nature of mineralizers as well. Characteristic of the 
internal zones are S, P, Ti; of the West-European subtype of external zones, O, F, CO,; and of the East-Asiatic 
subtype, B. 

The behaviour of iron is noteworthy. In the internal zones it forms accumulations of pyrites, titaniferous magnetite 
and apatite-magnetite ores; in the West-European subtype of the external zones, hematite and siderite ores; and in the 
East-Asiatic subtype, large accumulations of ferruginous tourmalines and chlorites, occasionally of pyrrhotite. 


HE geochemical character of the geosynclinal zones and that of the orogenic zones derived from 
them, is dependent on the following three major groups of geological processes :— 


(a) sedimentation, 
(b) magmatic activity, 
(c) magmatogene mineralization. 


The processes of sedimentation give rise to the main bulk of rocks; however, here such sharply 
pronounced geochemical differences which may serve as a base for the distinction of various geochemical 
types of the orogenic zones, are not observed. The magmatic activity proper leads to the formation 
of somewhat smaller bulk of rock masses, but in this case the geochemical differences between 
separate orogenic zones are more definitely pronounced. Finally, the processes of magmatogene 
mineralization give rise to comparatively small masses of rocks, but the latter show most distinctly 
expressed geochemical differences. As mineral deposits forming in this way are subject to commercial 
exploitation, the geochemical differences displayed by them in various types of orogenic zones 
present a world-wide interest. Insofar as these differences are not brought about independently, 
but are a.result of geochemical differences observed in various magmatic rocks, the author finds it 
reasonable to begin this discussion by an examination of the magmatic activity. 


For the geosynclinal zones and the orogenic zones arising from them, in their preliminary or 
geosynclinal period of evolution, effusions of basic lavas of spilitic form are characteristic. These 
lavas are frequently accompanied or alternate with intrusions of basic or ultra-basic magmas. The 
latter form ophiolitic belts of considerable length, being so characteristic of orogenic zones. On the 
other hand, the period of the final transformation of the geosyncline into an orogenic zone, is 
characterized by a marked development of large batholiths, built up of acid, for the main part 
potassium granitoids. These two types of magmatic phenomena, being rather different from the geo- 
chemical standpoint, are considered in general to be characteristic of all the geosynclinal-orogenic 
zones. 
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_ types of magmatic phenomena are actually present, their distribution, however, being quantitatively 

very unequal. In those orogenic zones which are characterized by vast effusions and intrusions 
of basic magma of spilitic nature and by intrusions of basic and ultra-basic magmas, potassium granitoids 
are usually poorly developed. Conversely, in places, where the latter are widely distributed, the basic 
f and ultra-basic magmas dating from the geosynclinal period of evolution are very scarce. The 
_ quantitative differences are often so sharp that they may serve as a base for considering these two 
_ groups of geosynclinal-orogenic zones as their two different geochemical types. This difference was 
" originally pointed out by the late Russian academician S. Smirnov for the Meso-Cainozoic folded 
belt, skirting the Pacific. In this belt, being at the same time a metallogenetic belt, academician 
Smirnov distinguished two zones: (1) an exterior, the nearest to the continent, formed during the 
Mesozoic era, and characterized by a wide distribution of potassium granitoids with their peculiar 
metallogeny and by an extremely poor development of basic and ultra-basic magmas; (2) an interior 
zone, the nearest to the ocean, belonging to a younger age and formed in the time comprising the 
end of the Mesozoic and the entire Cainozoic eras; this zone is characterized by a wide distribution 
of medium, basic and ultra-basic magmas and by a markedly poor development of potassium 
granitoids.- 

An examination of other folded and metallogenetic belts shows that with a certain approximation 
such a subdivision can also be applied to them. To the type of interior zones of metallogenetic belts 
may be referred, for instance, the Scandinavian metallogenetic belt (Caledonides of Norway), the 
Meso-Cainozoic zone of the Mediterranean belt (the south of Europe, the Balkan Peninsula, Turkey, 
Transcaucasus, Iran), the eastern slope of the Urals, the metallogenetic belt of the Sayan Mountains 
(Siberia) and some others. To the geochemical type of the exterior zones belong, besides the Mesozoic 
folded zone of the Pacific belt, the Variscan folded structures of Central and Western Europe, the 
western slope of the Urals, etc. It is to be noted that according to the author’s conception the interior 
and exterior zones are not parts of a single geosyncline, but represent independent geosynclinal zones, 
which are successively formed in different periods of time within the limits of larger structural units, 
defined by the author as geosynclinal and metallogenetic belts. Not entering into discussion of the 
inter-relations between the exterior and interior zones in time and space, the author will apply later 
on these terms only to definite geochemical types of orogenic zones. Let us try to give their comparative 
geochemical characteristics, primarily from the standpoint of magmatic activity, and then from that 
of metallogeny. _ 

Extremely characteristic of the interior zones of metallogenetic belts in their preliminary stage 
of geosynclinal evolution are vast effusions of basic magmas. These magmas are usually represented 
by spilites, porphyrites (andesites), and rather often also by more acid rocks, belonging to the albito- 
phyre and quartz albitophyre types. This is a well known spilitic magmatic formation. Such are the 
Pre-Cambrian and Lower Palaeozoic lava flows of Norway, the Silurian and Devonian lavas 
encountered on the eastern slope of the Urals, the Cambrian lavas of the Sayan belt, the Meso- 
Cainozoic lava flows of Southern and South Eastern Europe and South-Western Asia (Turkey, 
Caucasus, Iran) and also the lava flows of the Pacific coastal zone of Asia and America. 

A characteristic feature of all orogenic zones with abundant effusions of lavas of the spilitic 
formation is the wide distribution of basic and ultra-basic magmas and of their differentiates, occurring 
also in the form of intrusions. These intrusions usually alternate with superficial flows and are often 
connected with phases of folding which sometimes interrupt, but do not entirely stop, the process of 
the geosyncline evolution. Here belong primarily ultra-basic intrusions, often giving rise to 
ophiolitic belts of considerable length. Such is for instance the Mediterranean ophiolitic belt, spreading 
with some interruptions from Southern Europe to the islands of the Malay Archipelago, the ophiolitic 
belt of the Urals, the Sayan belt and many others. In the same orogenic zones, besides ultra-basic 
intrusions, there are usually encountered intrusive complexes which are mainly represented by basic 
rocks and rocks of medium acidity, with a subordinate development of acid rocks. Characteristic of 
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the latter is, in the majority of cases, a marked predominance of sodium over potassium. Owing 

this, rocks of the trondhjemite or plagiogranite type play among them an important rdle. To such — 
intrusive complexes belong in the first place the well known anorthosite-charnockite and the opdalite- _ 
trondhjemite groups of Norway, the numerous gabbro-diorite and plagiogranite intrusions of the Urals, 
the Kuznetsk Alatau, the Sayan Mountains, the Balkans, Asia Minor, the Caucasus and the Pacific 
coast of America, etc. In all these cases a close genetic connection of the acid (essentially sodium) — 
rocks with more basic rocks is observed. Tem . ie 

The common granitoids, rich in potassium, not connected genetically with the basic rocks, are 
most characteristic of such stages of the tectono-magmatic cycle as are associated with the final — 
transformation of the geosyncline into an orogenic zone. In the orogenic zones of the type under — 
examination these granitoids are usually scarcer in comparison with orogenic zones of other types. 
Their localization is much narrower in time and space than that of the basic intrusions and of their 
differentiates. Whereas the latter are distributed throughout the whole area of the orogenic zones 
belonging to the type discussed, and occur repeatedly during long intervals of geological time, the 
intrusions of potassium granitoids, on the other hand, correspond to one or two of the last phases 
of folding and are mainly confined to separate, most deep downwarpings, retaining their ability 
longer than the other parts of the orogenic zones. 

As a characteristic example of the above may be cited the folded zone of the Urals. Here intrusions 
of basic and ultra-basic magmas accompanied by their more acid, essentially sodium, differentiates, 
took place repeatedly during the Silurian, Devonian and Lower Carboniferous periods, on the whole 
area of the folded zones of the eastern slope of the Urals. Intrusions of potassium granitoids, genetically 
not connected with basic magmas, occurred only in the Upper Carboniferous, and only in a definite 
deepset downwarping along the eastern slope of the Urals. 

Very characteristic for this type of orogenic zones is the development, besides the basic and acid, 
also of alkaline magmas. The latter are usually grouped into two series: the potassium and the sodium 
series. It must be noted that the differences between them are most distinct in the more basic rocks, 
namely in the alkaline gabbroids and basaltoids. In the more leucocratic rocks, these differences are 
much less pronounced, and the alkaline rocks with a composition close to an eutectic one (phonolites, 
nepheline syenites), are often identical in both series. 


In orogenic zones of the type of interior zones we see the development of sodium as well as of 
potassium alkaline magmas. The latter, however, are more characteristic. In effusive facies they are 
represented by leucitic rocks, potassium trachytes, phonolites and other rocks rich in potassium; 
in intrusive facies by shonkinites, monzonites, pseudo-leucitic rocks, potassium foyaites and others. 
Leucitic lavas and other effusive rocks rich in potassium which are associated with them are extremely 
characteristic of the last stages of volcanic activity of the Mediterranean orogeny. Here belong the 
leucitic lavas of Italy, Yugoslavia, Turkey, Caucasus, Iran and of the islands of the Malay Archipelago. 
(Java, Borneo, Celebes and others). These alkaline rocks, rich in potassium, are traced here so regularly, 
that they ought to be regarded as not less characteristic of the Mediterranean orogenic zone, than its 
ophiolitic belt. 

In the interior zone of the Pacific belt, not only the potassium but in general the alkaline magmas, 
are considerably scarcer. This can most probably be explained by the fact that the magmatic activity 
of the interior zone of the Pacific belt, in most of its regions, did not reach in its evolution the stage 
of the development of alkaline magmas. The correctness of this assumption is confirmed by the 
intense recent volcanic activity of this zone, with effusions mainly of basic and medium magmas 
ordinarily preceding the effusions of alkaline magmas, as one can judge from the example of the 
Mediterranean and other belts. It ought to be noted that in some of the isolated downwarpings, 
lying somewhat aside of the interior zone of the Pacific belt and which have undergone a more rapid 
evolution in their magmatic activity, the effusions of basic and medium magmas are already substi- 
tuted by effusions of leucitic lavas (for instance the eastern outskirts of the Great Chingan in Manchuria, 
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the basin of the Great Anui River). Isolated occurrences of leucitic lavas are also found in some other 
_ parts of the interior zone of the Pacific belt (in New Zealand, California, Antarctica, etc.). 


Within the Scandinavian, Uralian and the Sayan belts the alkaline rocks are mainly represented 
by nepheline syenites, but it is possible that the leucitic rocks of Scotland and of the Northern 


_ Kazakhstan (Ishim) are connected with the evolution of the magmatic activity of these belts. Concern- — 


ing the Urals, we may also note here an intense development of potassium lavas of rather high 
_ alkalinity (trachytes) in the Upper Ludlow stage. 

The other type of orogenic zones, defined above as the exterior zones of the metallogenetic belts, 
show quite a different character of magmatic activity. In the preliminary period of the evolution of 
geosynclines, there are also effusions of basic and medium lavas sometimes together with their acid 

_ differentiates. However, in a quantitative sense, the difference between them and the first type of 
_ orogenic zones is notorious. Here the basic effusions of the preliminary period are confined to 
narrowly limited periods of time, are much more narrowly located in their area of distribution, and 
play a markedly subordinate rdéle in the general thickness of the stratigraphical succession. Such are 
the Variscan folded zone of Central and Western Europe, the Variscan folded zone of Mongolia, 
the western slope of the Urals, the Mesozoic folded zone of Eastern Asia, etc. In the immensely 
vast regions of the latter the effusives of the preliminary period are practically absent and the super- 


ficial volcanic activity begins here, in the main, only after the transformation of the geosyncline into 


an orogenic zone. 
In full accordance with this fact is the poor development of the basic and ultra-basic intrusions in 
the exterior zones of the metallogenic belts. They never form here widespread belts and are 
encountered only in separate regions of limited area. They are almost entirely absent in the Mesozoic 
folded zone of Eastern Asia, not taking into account the small hypabyssal intrusions formed in the 
very late stages of the evolution of the orogenic zone. 

Conversely, the intrusions of potassium granitoids are extremely characteristic of the orogenic 
zones of this type. Here they are distributed over a vast area and occur in connection with the numerous 
successive phases of folding. Such are the numerous Variscan granitoid intrusions of Central and 
Western Europe, the Variscan granitoids of Mongolia, and especially the Mesozoic granitoid 
intrusions of Eastern Asia. 

Alkaline rocks rich in potassium are less characteristic of the orogenic zones of this type than of the 
zones .of the first type. Sometimes there occur nepheline syenites. But the most typical of all the 
alkaline rocks are probably the melanocratic alkaline rocks of the sodium series, belonging to the type 
of essexites, teschenites, crinanites, etc. They form in the late stages of magmatic activity in these 
orogenic zones, mainly in their forelands, although often enough, they are also met with within these 
zones themselves. Such are the Carboniferous teschenites and other related rocks of Scotland, the 
teschenite intrusions of the western slope of the Urals and of Mongolia and the extremely widely 
distributed Upper Mesozoic (to Cainozoic) teschenites of North-Eastern Asia. 

Thus, although in the two types of orogenic zones distinguished by the author are represented 
qualitatively more or less the same groups of magmatic rocks, both effusive and intrusive, their 
quantitative development is totally different. 

In the effusive and intrusive activity of the first type of orogenic zones (the interior zones of the 
metallogenetic belts), there is a distinct prevalence of basic and ultra-basic magmas, magmas of 
medium acidity and partly of alkaline potassium magmas. In the second type (the exterior zones of the 
metallogenetic belts) potassium granitoids predominate and in part also alkaline sodium rocks. In 
the first type the most intense stage of magmatic activity corresponds, on the whole, to the geosynclinal 
period of evolution, including here the phases of folding which sometimes interrupt this period. In 
the second type this intense stage of magmatic activity corresponds to the period of transformation of 
the geosyncline into an orogenic zone and of subsequent evolution of the latter. 

If the quantitative differences in the character of the magmatic activity, observed in the two types 
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and arsenic. On the contrary, metals characteristic of the acid potassium magmas—tin and bismuth he 


’ siderable variations in different metallogenetic provinces of this type. On the contrary, for the young ~ 
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Especially characteristic of the interior zones of the metallogenetic belts are caeitao dine dep 
genetically connected with the basic and ultra-basic magmas and magmas of medium acidity and, i 


platinum, chromium, titanium, nickel, iron, copper, partly molybdenum, cobalt, zinc, lead, mercury 


are not very typical. Of the greatest economic value are magmatic, hystero-magmatic and contact- 
metasomatic deposits, disseminated. ores, sulphide lodes, and only in part, vein deposits. fa 

To deposits occurring in the orogenic zones of this type belong the chromium deposits, and here 2 
belong also the rich magnetite deposits. Very characteristic of this type of mineralization are the copper- | 
nickel sulphide ores. Still more characteristic and widely distributed are the copper-pyrite and the iron — 
pyrite deposits, representing the most typical metallogenetic feature of all the orogenic zones belonging 
to this type. The lead and zinc deposits in the orogenic zones of this type are also mainly represented 
by sulphide lodes and by a markedly subordinate number of vein deposits. As well as copper, 
which is one of the most characteristic metals found in orogenic zones of this type, other types of 
deposits play an important réle, namely, disseminated ores, stock-works and vein deposits. 

The distribution of precious metals (gold, silver) in different types of deposits is subject to con- 


metallogenetic zones of this type (the Meso-Cainozoic zone of the Mediterranean belt and especially 
the Cainozoic zone of the Pacific belt), high concentrations of gold and silver in epithermal deposits 
are extremely characteristic (Transylvania, Turkey, New Zealand, Japan, North America and South 
America). Also it must be mentioned that to the same metallogenetic zones are confined typical 
subvolcanic deposits of mercury and arsenic (Italy, Yugoslavia, the Western States of the U.S.A., etc.). 

Of great interest is the behaviour in the metallogenetic provinces of this type of those metals, which 
are regarded as typical for the acid potassium magmas, i.e., of molybdenum, tungsten, bismuth.and tin. 
Among them, molybdenum is the most typical for provinces belonging to the interior zones of the 
metallogenetic belts. Here its deposits are connected not only with the potassium granitoids intruding 
in the late stages of the tectono-magmatic cycle, but often also with the essentially sodium granitoids 
confined to the earlier stages of the cycle and revealing a genetical connection with basic magmas. 
Owing to this, molybdenum is one of the most typical metals for the interior zones of the metallogenetic 
belts, probably even. more typical than for the exterior zones which will be described below. In the 
interior zones it forms deposits of the disseminated, stock-work and vein type and often manifests a 
close local and genetical connection with copper deposits. 

The occurrence of tungsten in metallogenetic provinces of this type is much rarer and in much 
smaller quantities, and it is found almost exclusively in connection with potassium granitoids of the 
late stages of the tectono-magmatic cycle. It forms usually small vein deposits with wolframite or 
scheelite, and contact-metasomatic scheelite deposits. Bismuth does not form independent deposits 
but is sometimes found as a mineral admixture in deposits of other metals (gold, copper), and only 
seldom in quantities making its extraction as a by-product worth while (Japan). Finally in most of 
the metallogenetic provinces of this type tin is practically absent and gives insignificant concentrations 
only in separate regions (Norway, Italy, Japan). 

For the metallogenetic provinces of this type sulphur must be referred to as the most characteristic 
mineralizer, entering both into the sulphides and some of the sulphates, which are important vein 
minerals (baryte, gypsum, alunite). In the deposits of iron, titanium and phosphoric acid also play 
an important réle. Boron, carbon dioxide and, particularly fluorine are much less important as 
mineralizers. 

Metallogenetic provinces entering into the exterior zones of the metallogenetic belts are most 
widely represented by deposits genetically connected with acid potassium granitoids. Among them 
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_ must be cited in the first place the deposits of tin and partly of tungsten, which are the most characteris- 
_ tic deposits of the provinces of this type. It is sufficient to mention the huge belt of tin and tungsten 
: deposits occurring in the Mesozoic folded zone of Eastern Asia and the identical deposits of the 
Erzgebirge, of Cornwall and the Pyrenees Peninsula in Western Europe. Sometimes, in connection with 
_ them are also encountered concentrations of economic value of bismuth and molybdenum, but for the 
~ latter the interior zones of the metallogenetic belts play, anyhow, a more important réle. 

3 For the metallogenetic provinces of this type lead and zinc deposits are also rather characteristic. 
. They are usually younger than the tin-tungsten deposits, and contrary to the interior zones of the 
metallogenetic belts, they are not represented by sulphide lodes, but either by vein deposits (Erzgebirge, 


Harz), or by replacement deposits in limestones (the region of the Rhine, Silesia, Transbaikal), or © 


_ by contact-metasomatic deposits (the Far East, etc.). In provinces of this type occur also deposits of 
economic value of mercury, antimony and arsenic. 


_ __ The réle of copper, iron and gold is subject to great variations, and according to the development 
_ of the deposits of these metals, as well as to some other features, it would be rational to subdivide the 
metallogenetic provinces of the exterior zones into two sub-types, which can be designated as the 
West European and East Asiatic. In the West European sub-type of mineralization, the réle of tin- 


tungsten, and particularly of the molybdenum mineralization is, on the whole, lower, than in the 


East Asiatic subtype, where deposits of economic value of copper are practically absent. Of much 
greater importance is the silver-lead-zinc mineralization. Peculiar siderite and hematite hydrothermal 
deposits of iron are very characteristic of the West European subtype of mineralization, whereas in the 
East Asiatic subtype the magmatogene deposits of iron are almost absent, except for the scanty and 
small contact-metasomatic deposits of magnetite. 

Of great importance is the difference between the two subtypes of mineralization of the exterior 
zones, with regard to mineralizers and the composition of the vein minerals. The most characteristic 
vein mineral for the East Asiatic subtype is quartz, often encountered together with large quantities 
of tourmaline and ferrous chlorites. Boron is one of the most characteristic mineralizers in this subtype 
of metallogenetic province, and involves the occurrence of considerable quantities of tourmaline in 
the deposits of almost all the metals (gold, molybdenum, tin, tungsten, zinc, lead, etc.). Besides the 

_ hydrothermal deposits a considerable mineralization due to boron is also observed in the contact- 
metasomatic deposits. Carbonates and fluorite play quite a secondary rdéle as vein minerals in the 
East Asiatic subtype of mineralization, and barite is practically absent. 

In the West European subtype of mineralization quartz remains one of the most important vein 

- minerals, but here it is often hornfels or chalcedony-like. The distribution of tourmaline is much more 
restricted and is confined to tin-tungsten deposits. Instead, the different carbonates, barite, and 
fluorite, are extremely widespread vein minerals of ore deposits, and the latter two often form 
independent deposits of great economic value. It is no wonder, that Europe, on the whole, plays a 
leading part in the production of barite, witherite, and fluorite. The presence of iron chiefly in the 
form of oxygen compounds (hematite, siderite), large quantities of carbonates and sulphates among 
the vein minerals, witness the important réle of oxygen as one of the mineralizers. 

Such typical metals of the basic and ultra-basic magmas as platinum, chromium, and titanium 
are practically absent in both subtypes of mineralization of the exterior zones. 

Thus, notwithstanding essential features of likeness, the metallogenetic provinces of the West 
European and the East Asiatic subtype differ greatly, which does not allow them to be united into 
one group. These differences become evident not only in the complex of characteristic metals, but also 
in the composition of mineralizers and vein minerals. 

Of great interest is the behaviour of iron in different types of metallogenetic provinces, depending 
on the composition of the mineralizers. In the metallogenetic provinces of the interior zones, the main 
mass of iron partakes in the formation of the pyrites and of the magnetite, titano-magnetite and 
apatite-magnetite ores (mineralizers: sulphur, titanium, phosphorus and partly oxygen). In the 

2 


fg 


terior zones. However, the dinnoutiont of some ike of sedimentary deposit needs special attentic 

Tass for instance, it can be seen that the sedimentary deposits of manganese and the P sit 
geosynclinal bauxites show a definite trend toward those metallogenetic provinces which 
designated above as the interior zones of metallogenetic belts. On the contrary, the sedimentary dey 
of the minerals of strontium (celestite, sirontianite) show a trend logetd ne ager asec pro! 


primary sources of “ieee metals was of ee aparees and is sieht related to Tee acti 
; _and to processes of magmatogene mineralization. In any case, before the definition of metallogenetic — 
characteristics of any given province, this purely empirical regularity must be borne in mind. + 
The attempt of the author to subdivide the orogenic zones into separate geochemical types, according - 4 
to the magmatic activity and the process of mineralization connected with it, represents only a first — 
approximate scheme. Nevertheless, it distinctly shows that not all the orogenic zones possess similar 
geochemical characteristics, and that they can be sub-divided, according to the latter, at least into 
three different types. ' 


O TEOXHMUUYECKHX THITTAX 
OPOTEHHMUECKHX SOH 


iO. A. BHJIMBHH 


Teoxumuueckuit o0JIMK TeOCHHKJIMHaJIbHbIX HM BOSHMKAIOUIMX H3 HUX OpOreHHueCKHX 30H 
cosflaeTcA TpeMA TlaBHeHIWUMM rpylmlamu reoOrMuecKUX MpoUeccoB: 

a) mpoleccamu cequmMentaynn. 

6) mporeccamu MarmaTMueckol JeATeIBHOCTH. 

B) Mpoueccama MarmMaToreHHoi MuHepasMsalun. 


IIporeccbl cequmMentalMu co3qaioT HaHOouBuIMe 0 06’emy MaCCbI TOpHBIX NOpoy, ofHAaKo, 
Mp 9TOM He BOSHMKACT CTOJIb Pe3KHX TeOXHMHUeCKHX pasMUMi, KOTOpbIe MormmM ObI ObITS TONI0- 
2KEHBI B OCHOBY BBbIJ[CJICHHA Pa3JIMUHbIX TeOXHMMUCCKMX THNOB oporeHwueckux 30H. IIporeccer 
COOCTBeCHHO MarMaTHUECKOM JeATeJIBHOCTU OOBIMHO CO3aIOT HECKOJIBKO MeHbIUMe 10. 06’emy MaccBbI 
TOPHBIX MOpo, HO reoXHMMUeCKHe pa3sIMYNA MEKLy OTCILHbIMH OPOreHHUeCKMMM 30HaMN BbIpa- 
oKEHBI 3J[eCb 3HAUMTeIBHO Oosree pe3sko. Hakouell, mpoleccbl! MarmMaToreHHoit MMHepasusaluu 
CO3J{aIOT CpaBHHTeJILHO OUCHE HeOONbUIMe MO 06’eMy MaccbI, HO Cc HavOosIee UETKO BbIPaxKeHHbIMU 
TreOxXHMHUeCKHMN pasMunNAMH. Tak Kak BOSHHKaIOUHe Ip 9TOM MHHepasIbHble MECTOPOoKTeHHA 
ABJIAIOTCA O0’€KTAaMM MPOMBIMWVIeHHOM pa3spa0oTKH, TreOXHMMUeCKHe pa3sJIMUMA MEKTy HMMM B 
PaSJIMUHbIX THNaxX OpOreHHuUeCKHX 30H TIpeycTaBIAIOT HaMOoNbIUIMii uHTepec. STM pasIMUMA He 
ABJIAIOTCA He€3aBHCHMbIMH, HO BbITeKaIOT H3 TeOXHMMUeCKHX pasIMUuMii MEKTy MarMaTHuecKUuMM 
Moposamu, Cc pacCMOTpeHHA KOTOPHIX NOSTOMY MpHXOJMTCAH HauMHaTs. 


JisIat PEOCHHKIIMHAaJIbHBIX MW BOSHHKAIOWINX H3 HUX OPOTCHHYECKHX 30H CUHMTAIOTCA XAPAKTEPHbIMH, 
C OJHOM CTOPOHbI, H3JIMAHHA OCHOBHBIX JIaB CIMJIMTOBOH dopMallHH B NODTOTOBUTeIbHbIM WIM 
TeOCHHKJIMHAJIBHbIM NepvI, pasBHTHA, KOTOpble uacTO COMpPOBOMKTAaIOTCA WIM UepeyIoTCcA C MHTpy- 
3HAMM OCHOBHbIX M yJIbTpaOCHOBHBIX Marm. IlocneyHHe TakoT xapaKTepHble IA OporeHHueckux 
30H O(HOJIMTOBbIe MoACa 3HaUMTeIbHOM MmpoTa»KeHHOocTH. C gpyroi cTOpoHbl, Wiad mepvoya 
OKOHUATEJIBHOFO OCYIICHHA TeOCHHKJIMHAIIM MW IipeBpalljeHuA ee B OPOreH XapaKTepHO 3HaUMTeIIbHOe 
pasBuTve KPyNHbIX OaTONHTOB KUCJIbIX, CYIJ€CTBeHHO KaJIMeBbIX rpaHHTOMOB. OTH ABa THA 
MarMaTHUeCKHX IIPOABJICHHH, JOCTaTOUHO pa3IMUHbIe TeOXHMMUCCKH, CUHTAIOTCA xXapaKTepHbIMH 
BoOoOOUIe JIA BCeX TeOCHHKJIMHAJIbBHO-OpOreHHBIX 30H. 


Bumxaiiiiee pacCMOTpeHve MOKa3bIBaeT, UTO B NOABJOALJEM OOJILIIMHCTBe OpOreHHuecKHx 
30H JICHCTBUTEJIbHO IIpHCyTCTByrI0oT 00a 9TH THMa MarMaTHUeCCKMX IIPOABJICHHH, OMHaKO, B OUCHb 
HepaBHOMepHOM KOJIMUeCTBeEHHOM pasBuTuH. B Tex oporeHwuecKHX 30HaX, Ife OUCHb CHJIbHO 
IIPOABJICHbI M3JIMAHUA OCHOBHBIX JlaB CHMJIMTOBOH PopMallMii M MHTpy3HH OCHOBHBIX H yJIbTpaOcHOB- 
HbIX MarM, KaJIMeBble TpaHHTOHALI UpescTaBJIeHbI OObIUHO B OcIaONeHHOM pasBuTuu. Haodopor, 
TaM, rye NOceqHHe MpecTaBJIeHbI OUCH WIMPOKO, B OUEHB OCIaOJICHHOM pa3sBUTHH Mpej{CTaBJICHbI 
OCHOBHbI€ H yJIBTpaOCHOBHbIe MarMbI TepHOfla TeOCHHKJIMHaJIbHOrO pasBUTHA. OTH KouMUeCT- 
BeHHbIe pasJIMYHA UaCTO BbIParKeHbI HACTOJIbKO Pe3KO, YTO MOLYT CJIyKUTb OCHOBaHHEM JIA TOTO, 
YTOOLI paCCMaTPHBaTb 9TH [Be KaTeTOPHM TeOCHHKJIMHAJIbHO-OPOreHHBIX 30H, Kak {Ba Pa3jIMUHbIe 
reoxumuueckue Ux THMAa. 

Sto pasmmuve ObII0 BMepBbIe OTMeYeHO MOKOMHbIM PYCCKHM aKaj{¢MHKOB C. CMupHOBbIM 
JIA MesoKaliHo30licKoro CKJlaquaToro Mosca, OMOACHIBaloMero TuxHli oKeaH. B 9TomM cku1IaquaTOM 
HM, BMECcTe C TEM, MeTaJWIOreHH4eCKOM Tosce akagJeMHK CMUpPHOB pa3sJIMuasI [Be 30HBI: 1) BHeTHEOO, 


OnmxKalilllyiO K KOHTHHeHTY, CPOPpMUPOBaHHy! B TeveHVe Me30304, C WIMPOKHM pa3sBUTHEM KaJIMeBbIx 
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- OCHOBHBIX MarM, M 2) Gomee MomOpyro BHYTPeHHIOI0, Ti K oKeaHy, , cibopmupora 


OCHOBHBIii Hu YJIbTPaOCHOBHbIX MarM Tipu ABHO ocy1a0JIGeHHOM PpasBUTHM KasIMeBbix rpaHuTouyoB. 


_ VWpan), Bocrounpiii ckon Ypasa, CaadHcKuit MeTammioreHHueckuii moac (CuOupp) u HeEKOTOpBIe- 


-INalOUJMMU MOJHOCTHIO Mpolecc TeOCHHKJIMHAJIBHOTO pasBuTuHA. Crofa OTHOCATCA, mpexKye Bcero, 


NepvO]{, OXBATHIBAIOMUIMii KOHEL, Me3030A M BeCb KalHO3O0i, C OUCHb LWMpOKUM pasBaTHeM E 


Paccmorpenue [[pyrux cKMaquaTbIX M MeTAaNWIOreHWYeCKHX MOACOB MOKa3bIBaeT, YTO Tak 
pa3jleyieuve Ha [Ba reOXHMMUeCKHX THNa, C H3BECTHBIM NpHGIWKeHHeM, MpWJI0xKMMO TakoKe U 
Hum. B uacrHoctu, K THMy BHYTPCHHMX 30H MeTaJIIOreHMueCKUX TOACOB MOryT ObITh OTHECEHB! 
CkanymHaBcKuii MeTamioreHwueckHii Tloac (KayleqoHugbr Hopsermu), mMe3oKaliHo30licKkaA 30: 
CpeyusemHomopcKoro moasca (ror Esponsi, Bamkanckuit momyocrpos, Typ, SakaBka3be, — 


mpyrue. K reoxumuueckoMy THMy BHeWIHHX 30H, KpoMe Me3030HCKOH CKJIaquaTOH 3OHbI Tux6- 
OKeaHCKOrO ToAca, JOJDKHEI ObITh OTHOCeHBI BapHccKue cKJauaTbie CTpyKTypbl CpeqHei u 
SanagHoit Esponst, sanayqHpiii ckioH Ypana u yp. CyefyeT oroBoputsca, uTO NO, BHYTPCHHAMH 
WM BHEWIHHMM 30HaMH MbI NOHHMaeM He uacTH OJHOM TeOCHHKIMHaMJIM, a CAMOCTOATEJIBHbIe TEOCHH- 
KJIMH@JIBHbI€ 3OHbI, PaSHOBPeMeHHO HM oCueqOBaTeIbHO cbopMupyrolMeca B Upeyeax Gonee 
KPYMHBIX CIPYKTYPHBIX CMWHUII, OMpe/eJIMeMbIX HAMM, KaK TeOCMHKJIMHAJIbHbIe U MeTaIIOreHH- 
uecKue nmoaca. He Bxoga B paCCMOTpeHHe B3aMMOOTHOIIeHui BHeWIHHX HM BHYTPeHHHX 30H BO 
BpeMeHU UW IIPOCTpaHcTBe, MbI Oyem B TasIbHelillieM NOHMMATS NOY, ITHMU TePMUHAMH JIMUIb OlIpeye- 

JIGCHHbIE TEOXMMMUECKHE THMbI OporeHuueckux 30H. I[lonmbiraemca aTb HX CPaBHHTeJIBHYIO TeOxH- 

MMUeCKYIO XapakTepHcTHKy, CHauasia B OTHOWICHHM MarMaTH3Ma, a TOTOM B OTHOLMCHHH MeTaJUIOreHHH , 


Jia BHYTPeHHUX 30H METAJIIO‘eHMUeCKUX MIOACOB HMCKIIOUMTENIBHO XapakTepHBI OOWIMpHEIe 
W3IMAHHA OCHOBHbIX MarM B MOJTOTOBUTCJIBHBIM WepHoy, pasBuTHA TeocHHKIMHaIM. OGbruHO 
OHH IIpeJ{cTaBJIeHbI CMWIMTaMH, NopdbuputTamu (aHyesuTamu), HepeqKO TaKoKe OosIee KHCJIbIMU 
noposamu Tuna aiLOu“TOUpoB UW KBapleBbIx abOHTOPUpOB. OTO xXOpOWIO M3BeCTHaA CHMJIMTOBAaA 
MarmMaTHueckan dopmayua. TakoBbI joKemMOpuiickue WM HwKHeraIeosolickwe JIaBOBble 
usiMaAnMA HopBernu, cuJIypviickve WM JJ@BOHCKHe JaBbI BOCTOUHOTO CKIOHa Ypasia, KemOpHiicKue 
aBbi CatHcKoro Nosca, MesoKalHOsolckHe aBOBbIe H3JIMAHMA 10%KHOM HU IOrO-BOcTOUHOM Espomst 
M roro-3sanagHoH Asuu (Typuua, Kasxas, Mpan), a taroxe Tuxookeanckoro nodepexpa Asi u 
Amepuku. 


Jif BCeX OpOreHHueCKHX 30H C OOWJIbHbIMH H3JIMAHUAMM aB CMMIMTOBOM dbopMalwu xapak- 
TepHO OUCHS WIMpOKOe pa3BHTHe OCHOBHBIX H yJIbTpaOCHOBHbIX MarM MH HX WudepeHuMaTOB TakoKe 
B MHTpy3HBHOH dopme. OObmHO STH HHTpy3Hu yepemyIOTCA C MOBeEPXHOCTHBIMM HM3JIMAHUAMH 
M uacTO ObIBaIOT CBASaHbI C (basaMu CKJIayyaTOCTH, BpeMeHHO MpepbIBalOUIMMM, HO He Mpekpa- - 


runmep0a3HTOBble UHTpy3Hu, uacTo oOpasylouyue OPHOMTOBbIe NOACA SHAYUNTEIIBHOLO MPOTADKeHHA. 
TakoB, Halpumep, CpegqusemHomopcKHit o:HOJIMTOBbIi NOAC, NPOTATMBAaIOWIMiicA C HEKOTOPbIMU 
TlepepbIBamMu OT 109KHOH Esponbi Wo ocrpoBos Masialickoro apxunesara, YpasbcKuit ocbuoMTOBbI 
noc, CasHcKuli u MHorue pyrue. Ilomumo runepOasnTop, B Tex 2Ke OPOreHHUeCKHX 30HAX OOIUHO 
Pa3BHTbI MHTPy3MBHbIC KOMIVICKChI, MpeACTaBIeHHbIe TyaBHbIM OOpasoM OCHOBHbIMU MU cpeyHelt 
KHCJIOTHOCTH NMOposaMu Mp NOXUMHeEHHOM pa3BHUTHH KUCIbIX Nopoy. Jia mocneqHux B Oomb- 
INMHCTBE CJlyuaeB XAPAKTEPHO 3aMETHOE, a MHOLa OUCH peskoe MpeoOMayanue HATpHA Hay Kasmmem, 
OnaroyapaA UeMy Cpe HUX 4ACTO MIpaloT CYUeCTBCHHYIO POIb NOPOAbI THA TPOHJZEMHTOB WIM 
miarvorpanuToB. K noxoOHbIM HHTPy3HBHbIM KOMIVIeKCaM, OTHOCATCA, IIpercyie BCero, H3BeCTHBIE : 
aHOPTO3HT-WapHOKMTOBaA MM OMfasIMT-TpOHbeMHTOBaAA Yrpynubt HopsBeruu, MHOFOUHCIeHHBIE 
radOpoBble, HMOPHTOBbIe MU WlarMorpaHuTHble uHTpy3suu Ypasa, Kysneuxoro Amatay, Caaua, 
Bankan, Manoii Asum, Kapxasa, Tuxooxeanckoro noGepexba Amépuku uw op. Bo Bcex 9Tux 
cuyuaax OOHapyKUBaercA TeCHad reHeTHUCCKaA CBA3b KUCJIbIX (CyHeCTBeHHO HaTpHeBbIx) Opoy > 
c Topoyjamu Ooslee OCHOBHBIMH. 


O6prunble OoraTbEle KasIMeM TpaHHuTOMJbI, He CBASAHHbIe TeHeTHUeCKH C OCHOBHBIMU nopoyamu, 
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BunuOun : 0 reoxumiraeckux Tunax 
uGos1ee XapakTepHbI JUIN Tex 9TAaNOB TEKTOHA-MarMaTHYeCKOrO IMKJIa, C KOTOPbIMM cBA3aHO 
OKOHUAaTeNIbHOe OCyIeHHe reocHHKIMHasIM M NIpeBpaljenue ee B oporeH. B oporenwueckux 30Hax 
PaccMaTpHBaeMOro THNa 9TH rpawUTOHAL! OOLTIHO Mpe/(cTaBIEHbI B 3aMeTHO ocuaONeHHOH creneHH 
“0 CpaBHeHHIO C OporeHHueCKHMM 30HaMM MHBIX THIIOB, OHM 3HaUNTeIBHO Gomee y3Ko 0Kamm30- 
{ BaHbI BO BPeMeHH M B MpOCTpaHCTBe, YeM OCHOBHBIe HHTpy3Hu u ux udepennuaTEr. B To Bpema 
Kak Mocuieyuve ObIBalOT pacnpocrpaHeHEI Ha Bceli WOWay OporeHoB paccMaTpuBaemoro Tuna u 

“TOBTOPAIOTCA HeOJHOKPaTHO Ha MPOTA-KeHMM JJIMTeJIBHBIX OTPesKOB reoslorMuecKoro BpemeHH, 
“mumpysim KaJIMeBbIX [paHHTOMAOB OOLTUHO OTBeUAIOT OHOI-FByM TocnenHUM cbasam cKayYaTocTH 
mM NOKAIM3ZYIOTCA IPeMMYMeCTBeEHHO B OT/(EJIBHBIX, HawOosee rmyOoKMX Mporv6ax, WOMbe Apyrux 
-yuacTKOB OporeHa cOxpaHABUIMX CBOIO JaOHNIbHOCTS. 


_.  Ouens xapakTepHbIii mpumMep B 9TOM OTHOWIeHuM yaer YpamecKad cKyIaquaTad 30Ha. Syecs 
-MHTPy3HA OCHOBHBIX HM yJIbTpaOCHOBHBIX MarM B COMPOBOMKTeHUM Ux OosIee KUCIIbIX, CyLIJeCTBeEHHO 
_ HaTpHeBbIX JUdepeHMaTOB, NOBTOPAJIMCh MHOFOKpaTHO Ha MpOTAKeHUM CuJIypa, JJeBOHa HW HYDKHEroO 

Kap0oHa, 3aXBaTHB BCIO MIOWayb ckNaquarow 3sonb1 Bocrounoro Ypana. Wurpy3uu KasmeBbix 
TpaHHTOUOB, He CBA3aHHbIe TeHeTHUeCKH C OCHOBHbIMH MarMaMU, WpOABWJIMCh JIMIIb B BepXHeM 
KapOoHe UM TOJIBKO B OMpey{esIeHHOM, HaHOosee rpyOoKom MporuGe BON BOCTOUHOrO cKIOHa Ypasa. 


Jia 9TOrO THMa OropeHWuecKHX 30H OUCHb XapaKTePHbI MPOABJICHHA, KPOMe OCHOBHbIX UH 
KHCJIBIX, TakOKe IJeCJIOUHbIX MarM. Cpe NOcIeqHuX IPHHATO BIJeATS [Ba paAyja—kKasMeBbIit 
MW HaTpHeBbii. HeoOxoumo OTMeTHTH, UTO pasIMUMA Me*KTy HHMM HaHOomee OTUCTIIMBBI B NOposax 
Goylee OCHOBHBIX—ieJIOUHBIX radOpouyax u OasambTouyax. B Gomee meiikoKpaTOBbIx Nopomax 
STH pa3IMUMA CHJIBHO CrylaxKHBalOTCA, HM WIeIOUHbIe NOpoybI OusKve K IBTEKTHUCCKHM COCTaBaM 
(@oHOMTEI, He*beJIMHOBbIe CHCHUTHI), HepeKO HAeCHTHUHbI B OOOHX pxyax. 


B oporevax Tula BHYTPCHHHX 30H BCTpeualOTCA MPOABJICHHA KaK HaTPHeBbIX, TaK M KaJIMeBbIx 
IeJIOUHBIX MarM. OsHako, MoculeyqHue ABJIAIOTCA OosIee XapakTepHbIMU. B sddy3uBHbIx cbaywax 
OHH IIpefcTaBJICHbI JIeMMMTOBbIMM NoposaMu, KasIMeBbIMM TpaxHTaMM, (OHOMHTaMM UU JpyrumMu 
OoraTbIMU KasIueM NopoyaMu, B MHTPy3HBHbIXx (baljuax—IUOHKHHUTAMH, MOHIJOHHTaMH, lIceByOel- 
IMMTOBbIMM MWopoyamMu, KarMeBbimMu cbosuTamu u wp. JleMToOBbIe NaBbI.u comNpoBorKarouywe ux 
jpyrue OoratTbie Karem sdy3HBHbIe NOPObI MCKIOUMTCJIBHO XapaKTepHbI [JIA MOCIeTHUX ITANOB 
ByJIkKaHWuecKOH eATebHOCTH CpefM3emMHOMOpcKOrO oporeHa. Cr0j{a OTHOCATCA JleHIMTOBbIe 
naBbi Mranuu, FOrocnapuu, Typuuu, Kasxasa, Upana, ocrpopos Masaiickoro apxunesara (Ba, 
Bopueo, Ilene6ec u ap.). Oru OoraTble KasIWeM WeNOUHbIC NOPOJbI MPOCIe+KUBAIOTCA 3/eCb Hac- 
TOJIbKO 3AKOHOMepHO, YUTO MX IIPMXOJMMTCA CUMTaTh He MeHee XapaKTepHBIMM [VIA Cpennsenne: 
MOpCKOro OporeHa, 4YeM eFO O*HOIMTOBHIM MOAC. 


Bo sBHyTpeHHei 30He TuxooKeaHcKoro WoAca He TOJIBKO KaJIMeBble, HO BOOOMIe LeOUHbIe 
MarMbI IIpej{CTaBJIeHbI 3HauHTebHO cadee. Bepoatuee Bcero 00’ACHATA 9TO TEM, UTO MarMaTH3M 
BHYTpeHHelt 30HbI TuxooKeaHCKoro Tosca B OOJIBUIMHCTBe e€ palOHOB ellje He JocTur B cBoeli 
SBOJOIMM CTaqWu MpoOABJICHHA UWeIOUHBIX MarmM. B noj3y Takoro MpeMMOI07KeHHA TOBOPUT 
WHTCHCHBHBIM COBPeMeHHbIM BYyJIKAaHH3M ITOH 3OHbI C M3JIMAHHeM TylaBHbIM OOpas0M OCHOBHBIX 
“WM Cpe/{HUX MarM, KOTOpble MpeMWecTByIOT H3JIMAHMAM UCJIOUHbIX MarM, eCJIM CyMTb TO IpHmMepy 
CpequsemHomopcKoro 4 Apyrux noscop. JLocroliHo OBIT OTMCUCHHbIM, UTO B H€KOTOPBbIX H30JIN- 
POBaHHBIX WporuOax, pacnosloxKeHHBbIX HECKOJIBKO B CTOPOHe OT BHYTpeHHeli 30HbI TuxooKeaHckoro 
nmosca Mu McmbITaBuIux Sosee ObICTpy!O JIBOJIKOUMIO MarMaTH3Ma, U3JIMAHUA OCHOBHbIX M CpeqHUXx 
MarM y2Ke CMCHHJIMCh W3JIMAHMAMM JeilMTOBbIX JaB (BOCTOUHa OKpawHa bombuioro Xuurava B 
Manwxypuu, Gacceity Bonpuioro Anioa). EfMHuuHble HaxOJKM JICHIMTOBbIX JIaB OTMCUaIOTCH 
WM B HeKOTOpbIX JIpyrux yuacTKax BHyTpeHHeli 30HbI TuxooxeancKoro mosca (H. Senangua, Kanu- 
dopuua, AnTapKTuKa H JIp.). 

B mpenenax Cxanguuapckoro, YpaspcKoro HM CaaHCKoro NOACOB UesIOUHbIe MOpoO/bl pey- 
CTaBJICHbI IpeUMyMeCTBEHHO HeeMHOBbIMM CHCHHTAMH, HO BOSMO?KHO, UTO JIeEHUMTOBbIC MOPOMHI 
Wornauguu u Cesepuoro Kasaxcrana (Mmmm) cBa3saHbi c 9BOINOMMel MarmMaTH3Ma HMCHHO STHX 
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se 6 - PART II: PROBLEMS OF GEOCHEMISTRY 


“TIOACOB. Tes Ypana Moker ObITh TaKxKe OTMe€4CHO MHTCHCHBHOC nmpospyienue KayIMeBBIx na t 
TMOBbIMIeCHHOH IyesIOUHOCTH (rpaxuTEt) B BepXHeM Jiy]JI0y. 

Mnoit ABJIACTCAH XaPAKTePHCTHKA MarMaTH3Ma Jia Apyroro Tula Onorenwaeciax 30H, ompere- 
JIeHHOrO HaMM BBbIWe, KaK BHeIIHMe 30HbI MeTaJWIoreHuuecKHX ToACOB. B MOJTOTOBUTCJIBHBI 
TlepHo pasBUTHA TeOCHHKIMHAIeH 37{eCb TakOKe HMCIOT MCCTO IOBEPXHOCTHBIe M3JIMAHHA OCHOBHBIX 
H CpeyHHX J1aB, HHOrja C HMX KUMCJIbIMU HaTpHeBbIMU AudepentMaTamu. Ouako, B KoyMueCcT- 
BeHHOM OTHOIICHHH pasHulla C M€pBbIM THOM OporeHHueCKHX 30H PasHTeIbHad. SeCb OCHOBHBIC ; 
acbdby3uu MOATOTOBUTeNbHOTO Nepvoyja MpHypoOueHbI K y3KO OrpaHHUcHHbIM TepHoyam BpeMeHH, 
3HaUMTeIbHO Ooslee y3KO JIOKAJIM30BaHbI B CBOEM IIJIOWaHOM paclipocTpaHeHHH WM MrpakoT Pe3sKO 
TIOJYMHEHHYIO pOJIb B Ouse MoUIHOcTH crpaTurpaduyeckoro paspe3a. TakoBbI BapvicckaA 
cknagquataa 30Ha [lenrpanbyoli u SanaqHot Esponbi, Bapucckad cKlaquataa 30Ha Moxrovmu, 
3allayHbli CKJIOH Ypasia, Mesosolickad cKIaquatad 30Ha BocrouHol AsuM u ap. B rpomayHBix 
110 IIpOTA>KeHHOCTM yuacTKax TocueqHeH ospdy3HBbI MOATOTOBUTeIbHOrO Mepvofa MpakTHuecKH 
OTCYTCTByIOT HM NOBeCpXHOCTHAA BYJIKAHHUeCKaA JCATCJIbHOCTh 3/[eCb HAaUMHAeTCH B OCHOBHOM y?Ke 
nocule IpeBpallleHia TeOCHHKIIMHAaIIM B OporeH. 

B n0uHOM COOTBETCTBHH C 3THM HaxOQMTCA uM cyla00e, pasBUTHe OCHOBHBbIX HM yJIbpaOCHOBHBIX 
MHTpy3uii BO BHEINHHX 30HaX MeTaJWIOreHWuecKHx NIOACOB. OHM HMKOrga He OOpasyIOT 3/1€Cb 
CKOJIbBKO-HHOY Ib IPOTAKCHHBIX TIOACOB, HO BCTpeuarOTCH JIMIIb B OTCJIbHbIX, O(paHHUeCHHbIX 0 
miomjayu, paiionax. B mesosoiickoii ckmaquaToH 30He BocrouHo A3sHH OHM MOUTH COBepIeHHO 
OTCYTCTBYIOT, €CJIM He CUMTATh HeOOMbUINX runaOHccasIbHbIX MHTPy3Hii, BOSHHKIIMX yoKe B YCJIOBHAX 
oporeHa, B OYeHb NO3THMe CTA SBOIONMN MoceqHero. 

Haodopot, HHTpy3HU KasIMeBbIX TpaHUTOHAOB ABJIAIOTCA MCKJIKOUMTCJIBHO XapaKTePHbIMU A 
oporeHWuecKHX 30H 9TOrO Tula. OHM TOJIb3YIOTCA 37[eCb OUCH WIMPOKHM IWIOWaHbIM paciipoc- 
TpaHeHHeM MH BO3HUKAIOT B CBA3H C MHOFOUMCJICHHbIMH MIOCIIeOBaTeIbHbIMU (pasaMM CKIIayuaTOCTH. ~ 
TakKOBbI MHOFOUMCIeHHbIe BapHccKHe YpaHHTOHTHbIe WHTpy3sHH LlentpanmpHoli u SanayHoH 
Expponbl, BapuicckHe rpaHuTOHHbIe HATpy3un Mourommu vu, ocoOeHHO, Meso30licKHe rpaHHTOMAHbIe 
wuTpy3uu Bocrounol A3un. 

BoraTble KasIveM UIeNOUHLIe MOPOAbI WIA OpOreHWuecKHX 30H 3TOFO TuIIa MeHee XapaKTepHBI, 
ueM Jif 30H NepBoro Tuna. Vinorgja BcTpeuartoTca HedbesIMHOBbIe cHeHuTHI. Ho HanOomee xapak- 
TePHBIMH U3 UWIeJIOUHBIX NOpO, ABIAIOTCH, MoOMKalryli, MeNaHOKpaTOBble UJeNOUHbIe MOpObI 
HaTpHeBOrO pxja THMa ICCCEKCHTOB, TeIICHHTOB, KPHHAaHHTOB HM Zp. OHH BOSHHKaIOT B NO3qHHe 
9TAalIbl SBOJIOMUMM MarMaTH3Ma 9THX OPOreHHueCKHX 30H, IPeCHMYIWIeCTBeHHO B Ux CbopaHyax, XOTA 
HepeKO BCTpeualorca UM B Mpeyeylax CaMHX OporeHOB. ‘TakKOBbI KapOOHOBBIE TEILICHUThI HM POJCTBeH- 
HbIe HM Mopoyb MWlornanywn, Teen roBbie MHTpy3HH 3anaqHoro ckKyIOHa Ypana, Mourommu u 
MCKJIOUMTeIBHO INMpOKO paclipocrpaHeHHble BepxXHemeso30lickHe (WO KaiiHOs0iCKHX) TelIeHHTbI 
ceBepo-BocTouHol Asn. 

Takum o0pa30M, XOTA B BBbIJe@ICHHbIX HAMM J[ByX TuMax OpOoreHHueCKHX 30H KaUeCTBeHHO 
IIpe/[CTaBJIeHBI Ooslee MIM MeHee OHM M Te 2Ke TpyMNbI MarMaTWuecKuX NOpos, Kak 9dby3HBHBIX, 
Tak M MHTpy3HBHBIX, HO UX KOJIMYUCCTBEHHOe pasBUTHe ABJIACTCA Pe3KO pasIMUHbIM. B To Bpema 
Kak B Il€pBOM Tulle (BHYTPeHHHe 3OHbI MeTaJLIOreHH4uecKUX NOACOB) pesko mpecdbsayaxoT B adpiby3HB- 
HbIX H MHTPY3HBHbIX MPOABJICHHAX OCHOBHbIC€, YJIbTpaOCHOBHbIe M CpeHeil KHCJIOTHOCTH MarMBI 
M OTUACTH IeCJIOUHbIC KaJIMeBbI€, BO BTOPOM Tule (BHEMIHMe 3OHbI MeTaJUIOreHMueCKUX MOACOB) 
pe3kKo mpeoOslajaroT KaJIMeBbIe rpaHHTOMbI MW OTUACTH WIeEJIOUHbIe HATPVeBbIe WOpoyb1. Handomp- 
IWant HallpsKeCHHOCTh MarMaTMUeCKOM JeATeILHOCTH B TlepBOM THIMe OporeHWuecKHX 30H OTBeUaeT 
B IeJIOM TeOCHHKJIMHAJIBHOMy TlepHOy pasBHTHA, BKOUAA CIOJJa HM BPeMeHHO IIpepbIB-IOWIMe ero 
(pasbI CKJlaquaTOCTH, BO BTOpOM THIle—NepHoyy peBpaljeHHaA TeocHHKIMHaIM B OporeH 
NMocuefyIoujero OPOTeHHOTO pasBUTUA. 

Ecyi KOJIMUeCTBEHHBIC pasJIMUMA B XapakTepe MarMaTHUeCKOM JeATEIbHOCTH B JIBYX BbIeJIeH- 
HbIX THIMAX OPOreHHYCCKHX 30H BbICTyNalOT AOCTAaTOUHO OTUCTIMBO, TO elle Gomee ueTKO Mpocsie- 
*KMBaIOTCA pasIMuA B UX MarMaTOoreHHol MMHepasMsannn. 
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Jia BHYTpeHHUX 30H MeTaJIIOreHuuecKHXx IIOACOB OCOOeHHO XapaKTepHbI MarMaTOreHHble 
MeCTOpO>KeHHA, TeHETHUCCKH CBA3AHHbIe C OCHOBHBIMM, YJIBTPaOCHOBHBIMM MW cpemHelt KHCIIOT- 
HOCTH MarMaMM mM oTUaCTH Cc ux Gomee. KHCJIBIMM, CyIUJ€CTBeEHHO HaTpHeBbIMU udepenmmatamu. 
HanOomee xapakTepHbIMH MeTaJWIaMM ABJIAIOTCA WWlaTuHa, XPOM, THTaH, HMKeJIb, 7KETIE3O, MET, 
oTuacTH MouMOjeH, KOOaIBT, WMHK, CBMHeI, PTYTb, MBMUbAK. HaoOopot, THIMUHBIe MeTAaIWIBI 
KUCJIBIX KaJIMe€BbIX MalM—OJIOBO HM BHCMYT ABJIAIOTCA OUCHH MajIO XapakTepHbiImu. Havdomputee 
_ MIPOMBIMJIeHHOe SHaUecHWe MMeIOT MeCTOpOKeHve HU YTHcTepoMarmMaTHMUeCKHe, KOHTAKTOBO- 
MeTaCOMaTHUeCKHe,. BKPalVJICHHble pyJIbIl, KOJMeMaHHble 3aJleyKH WM JIM OTUACTH 2KYJIBHBIC 
MeCTOpOXKTeHUA. 


t 
j 


K MecTopooKeHuAM OpOreHHueCKHX 30H 9TOFO THIa OTHOCATCH MeCTOPO2XKJCHHA XPOMHTOB 
M KpyliHeliliive MarHeTUTOBble MeCcTOpOKMeHHA. OuecHb xXapaKTepHbI JIA sTOrO Tula MMHepamu- 
3allMH MeHOHUKeeBble KoNuefaHb!. Enje Ooyee xapakTepHbIMM HM WIMpoKO pacmpoctpaHeHHbIMH 
ABJIAIOTCA Me]{HOKOJIUeaHHbIe WM CepHOKOIUeTaHHbIe MECTOPOXKTeHHA, ABJIAIOUMecH HaHGosee 
THMMUHOM MeTaWIOreHHueCcKOH UepTOH BCex OpOreHHueCKHX 30H 9TOFO Tua. CBHHI[OBO-lMHKOBBbIe 
MeCTOPOKTEHHA B OporeHax STOO TuMa TakoKe B OOJIbIIMHCTBe MIpesCTaBJICHbl KOUeTaHHbIMH 
3aJIe7KaMM VM JIMIWUb B Pe3KO NOAYMHCHHOM KOJIMUeCTBE XKVWJIBHBIMM MecTOpoKaeHuAMU. B To Ke 
BpeMA, [IX MeH, OMHOrO M3 HavOosIee XapaKTePHbIX MeTAaJIOB B OporeHax 9TOFO THMa, OUCHb 
BeJIMKa POJIb W APYrUx THMNOB MecTOpO?KeHHi; BKPalJICHHbIX Py], UITOKBEPKOBbIX, )KHJIBHBIX. 


Pacnpenenenue OaropoOfHbIX MeTaJIOB (300TO, cepeOpo) No Tumam MecTOpoxKTeHu To]- 
Bep?KeHO 3HAUHTCJIBHbIM KOIeOaHHAM B Pa3JIMUHbIX MeTaWIOreHH4UeCKHX MPOBMHIWMAX 9TOrO TUNA. 
HaoOopor, Wii MOJIOMbIX MeTasWIOreHHueCKHX 30H 9TOTO Tula (Me30KaliHO3solicKad 30Ha Cpequ- 
3e€MHOMOpcKoro Tosca HM, OCcOOeHHO, KaliHO30licKad 30Ha TuxookeaHCKOro MOACa) MCKIIOUMTEJIBHO 
XapaKTepHbI MOMIHbI€ KOHI[CHTpalluH 30l0Ta HM cepeOpa B IMMTepMaJIBHbIX MeCTOPOXKTeCHHAX 
(Tpaucunmppanua, Typyua, H. Senangua, Anonua, C. u IO. Amepuxa). Hems3a ymomuats o 
IIPHypOUeHHOCTH K 9THM 2Ke MeTAJVIOTeCHHUCCKHM 30HAM THIIMUHbIX 6JIM3NOBepXHOCTHBIX MeCTO- 
poxKeHuii pryTu u mMpmupaKa (Mtanua, lOrocnaBua, Sanayupie uitaTE1 CIA u gp.). 


OueHb HHTepecHO TlOBeyeHHe B MeTaJWIOreHWueCKHX MIPOBHHIWAX STOTO THIIa TeX MeTAJIJIOB, 
KOTOPble CUMTAIOTCH XAPAKTEPHIMH JIA KMCJIBIX KaJIMeBbIX MarM, TO eCTb, MOTMOeHa, BONBdpama, 
BucmyTa, o0Ba. V3 Hux mosmOyeH ABJIAeTCA HanOosIee XAPaKTeEPHBIM JIA NPOBMHUMH, BXO]AIMIMX 
BO BHyTPpeHHHe 30HbI MeTasWIoreHwuecKHX MoAcoB. Ero MecTopooKqeHuA ObIBaIOT 3f/eCb CBA3AHBI 
He TOJIBKO C KaJIMeBbIMH TpaHHTOHaMu, MPOABJIAIOUJUMUCA B NO3AHHEe STAalbl TEKTOHa-MarmMaTHu- 
uecKoro UMKJIa, HO Hepey{KO MW C CYyII[eCTBeHHO HaTpHeBbIMM TpaHHTOHAaMu, IpHypoueHHbIMH K 
GOonee paHHHM 9Talam WuKa U OOHapyKIIBaIOWIMMM TeHeTHUECKYIO CBA3b C OCHOBHbIMM MarMaMH. 
Buarofapa sTOMy, MomHOQeH ABJIAeTCH OJHHM M3 XapaKTepHbIX MeTaJIIOB [JIA BHYTPCHHUX 30H 
MeTaJWIOreHHueCKHM MOACOB, MorKalyii, WaxKe Ooylee xapaKTePHBIM, UeM JIA XAPAKTEPH3YeMbIX HWKE 
BHeIWIHUX 30H. Bo BHyTPpeHHHX 30HaX OH JjaeT MCCTOPO*KCHHA BKpalJICHHOLO, WITOKBEPKOBOrO H 
YKMJIBHOrO Tula WH UaCTO OOHAPpy2KHBaeT TeCHYIO MpOcTpaHCTBeHHy!O HM TeHeETHUCCKYIO CBA3H C 
MeCTOPO?K]CHHAMM MeqH. 

Bospdpam BcTpeyaeTcaA B MeTAaWIOreHHUeCKHX MPOBMHIIMAX STOO THIIa SHAYUMTCIBHO perke HB 
HeCpaBHeHHO MeHBIUMX KOJIMUECTBAX, MOUTH UCKIIOUMTEJIBHO B CBA3H C KasIMeBbIMH TpaHvTou amu 
TOSTHUX 9TANOB TEKTOHOMarMMaTuecKoro WKIa. OH aeT OOBTUHO HeOOJIBINIMe *KWJIbHbIC MeCTO- 
POKICHHA C BONbpaMHTOM WIM WleeIMTOM HM KOHTAKTOBO-MeTaCOMaTHUCCKHe  IICeJIMTOBbIC 


MeCTpO?KTCHHA. 

BucmyT He flaeT CaMOCTOATeIBHBIX MECTOPOKeHHM, HO WHOrya BCTpeuacTcH B KauecTBe 
MuHepasloruueckoli NpuMecu B MecTOpOXKJeHMAX JIPyTUX MeTAWIOB (soJI0TA, Me/{b), JIMMIb B peqKAX 
cryuaix B KOuIMUeCTBaX, leNarOlux peHTadeJIbHbIM efO MNOMYTHOe U3BIICUeHHe (Anonusz). 
Hakouell, o10B0 B 6OIBIIIMHCTBe MeTaJUIoreHHuUeCKUX MPOBHHUMM 9TOrO THIa MpaKTHUECCKII OTCyT- 
CTBYeT H JIMUIb B CMHMUHBIX palionax (Hopserua, Mranma, AnoHua) WaeT OUCHb HESHAUNTeCJIBHbIe 
KOHIeHTpalHn. 
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PART Il: PROBLEMS OF GEOCHEMISTRY 


V3 muvepamMsaTopoB JJId MeTamoreHvuecKuX MpoBHHUMi sToro Tuna HaHOosIee xapaKTepHa — 
cepa, BXOjIIljaa B COCTaB Kak CyJIbUOB, Tak M HEKOTOPBHIX CyJIbaTOB, ABJLAIOIMXCA CyII\eCcTBeH- 
HbIMH B KauecTBe 2KWJILHbIX MHHepanoB (GapuT, Trumc, alyHuT). B MmecropooxxfeHue xxesIe3a 
CyIIeCTBeHHY10 pou urpaloT TakoKe THTaH M (boctbopHax KUCIIOTA. Bop, yruieKHcoTa ee ocoOeHHO, 
brop urpaioT B KayeTCBe MHHepasIMsaTOPOB S3HAUMTEIIBHO MCHBILYIO POJIb. 


*B MerammoresuuecKux IpOBHHIMAX, BXOJALIMX BO BHEIMHMe 30HbI MCTaJIIOreCHH4eCKHX TIOACOB, 
HaMOosIee WIMPOKO MIpefcTaBIeHbI MeCTOPOPKCHHA, TCHETHUCCKH CBA3AHHBIC C KMCJIBIMM KaJIMeBbIMH 
rpaHuTouyamu. Cpeau Hux HeoOxoqMMO TIperkye BCefO OTMETHTh MECTOPOKMCHMA OJIOBa MU OTUACTH 
BoUbpaMa, ABJIALOUMecA HaOolIee XapaKTePHbIMH MeCTOPOKTCHHAMM B MpPOBMHIMAX 9TOTO 
tuna. JlocrarouHo yNOMAHYTb rpaHMOSHBIi MOAC ONOBAHHBIX U BOUb*paMOBbIX MecTOporK eH 
Meso30iicKoi cKaquaTol 30HbI Bocrounoli Aswu u TakMe 2Ke uMecTopoxxKyeHua Pyyqupix Top, 
Kopuyosma u IIupeuelickoro mosyocrpopa B SanayHol Espone. Mxorga B cBa3v c HMMM BCTpe- 
WaIOTCA TaK?Ke IIPOMBIIMWVIeHHbIe KOHUeHTpallMH BHCMyTa HW MoJMOJeHa, HO [IA NocuweqHero BHY- 
TPe€HHUe 3OHBI MeTasWIOreHH4eCKUX IIOACOB MMeIOT BCe TakM OosbIee 3HAUCHUE. 


wz 


JLoBOJIbHO XapaKTepHbI [JIA MeTaJWIOreHHueCKUX NPOBHHIMH STOTO THMa Tak2Ke CBHHIJOBOIMH- 
KOBble MecropoxKneHua. IIo Bospacty OHH OObIUHO ABJIAEKOTCA OosIee MOJIOMbIMH, UCM OJIOBAHHO- 
BObpaMoBble, HU, B OTIMUMe OT BHYTPHEHHX 30H MeTAaJWIOreHHueCKMX TIOACOB, Mpe{CTaBJIeCHbl 
He KOJIUCTaHHBIMH 3aJIeKaMH, a JIMOO *KWJIbHBIMM MecTopooKyeHuaAmuU (PyqHBIe Toprr, Tap), mu60 
MECTOPOOKICHHAMM 3aMelIleHHA B U3SBeCTHAKaX (PeliHcKad oOnacTb, Cunesua, Sadaiikambe), mu60 
KOHTaKTOBO-MetacomaTuueckumu (JlambHuii BocrokK u gp.). B mpoBuHuMAx oTOre Tula BCTpe- 
WaIOTCA TaKKe IIPOMbILJIeHHbIe MECTOPOXKTeCHHA PTYTH, CyPbMbI, MBIWIbAKA. 


Powb MeqM, 2KesIe3sa UM 30JIOTa CHJIbHO BapbupyeT, HW MO pa3SBHTHIO MeCTOPOXKTeCHHM STUX MeTaJI- 
JIOB, a TakKoKe M10 HEKOTOPbIM ApyrumM MpusHakaM WesecooOpasHoO pa3syesIMTb MeTasIoreHuueckHe 
IIPOBHHIMU BHEWIHHX 30H Ha {Ba NOTUMAa, KOTOpble MOryT ObITb OOO3HAUeHEI, Kak 3allay[HOeBpo- 
lelickuii uM BocTOUHOasHaTcKHH. Jia sanayHoeBponelickoro MoOpTHMa MuHepasmsalliu poOJb 
OJIOBAHHO-BOIbMpaMoBoro HW, ocOOeHHO, MOomMOeHOBOrTO OpyeHeHHA B WeJIOM HWKe, UeM IA 
‘ BOCTOUHOasHaTCKOrO NoyTuMa. Pesko cHWKeHa TaKXKe POJIb 3OJIOTOrO OpyeHeHHA, 3aTO MpOMBILLI- 
JIeHHOe 3HAaYeHHe MeHOrTO OpyeHeHHA MHOFO BbIUIe, UeEM B BOCTOUHOaSHaTCKOM MoyTunMe, rae 
TIPOMBIWUVJIeHHbIe MeHbIe MeCTOPOXKTeHHA IpaKTHMUeCKH OTCYTCTByIOT. TakoKe 3Hau4HTeJIbHO 
OoubIe pob cepeOpo-cBHHIOBO-IMHKOBOrO OpyfeHeHHA. CBoeoOpasHble CHeEpHTOBbIe MW remMaTH- 
TOBbIe THJ[POTCPMAJIBHbIe MCCTOPOXKTeCHHA 2KeTIeC3a OUCHb XapAKTePHBI JIA sallayHoeBpomelicKoro 
Tula MHHepasiM3alluu, B TO BPeMA Kak B BOCTOUHOA3HaTCKOM THIIe MarMaTOreHHble MecTropooxKeHHA 
*KeJle3a MOUTH OTCYTCTBYIOT, CCIM He CUHTaTh HEMHOFOUMCIICHHBIX HM OUeHb HeOOJIBIIMX 10 MaciuTaby 
KOHTAKTOBO-MeTaCOMaTHUeCKHX MECTOPOXKTeHUM MarHeTUTA. 


OueHb CyleCTBeHHOM ABJIAeTCA pasHulja MOKAY TBYMA NOATHNaMH MMHepasIMsallM@H BHELIHUX 
30H B OTHOICHHH MHHepasM3aTOpOB HM COCTaBa >KMJIbHbIX MuHepasioB. B BocrouHoa3sHaTCKOM 
Hloyrume HavOoslee XapaKTeEPHbIM 2KVJIBHBIM MHHepasIOM ABJIACTCAH KBapl, HapAy C KOTOPBIM uacToO 
BCTpeyaioTcH B 3HAUMTCJIBHbIX KOJIMUECTBAaX TakKKe TYPM@JIMH M 2KeJIe3McTbIe XJIOpHTEI. Bop 
ABJIACTCA OJJHMM H3 HavOoslee xapaKTepHbIX MUHepasIM3aTOPOB B ITOM MOJTuNe MeTasIOrTeHHUeCKHX 
NpoBuHWH, OOyciaBIMBaA NOABJICHHE CyIeCTBeHHbIX KOJIMUCCTB TYpMaJIMHa B MecTOpoxKTeHHAX 
MOUTH BCeX MeTaJIIOB (300TO, MOMOeH, ONOBO, BONbdpaM, UMHK, CBuHeI, u gp.). Tlomumo 
THPOTepMAJIbHBIX MECTOPO*KeHHH, CyUjeCTBeHHad MMHepasusalua Sopom HaOmOMaeTCA U B 
KOHTAKTOBO-MeTCOMaTHUeCKHX MeCTOpO)KTeHHAX. KapOoHaTbI uv @sOOpHT B KauecTBe >KHJIBHBIX 
MuHepasIOB HrpaloT B BOCTOUHOaSHAaTCKOM TOJITuMe MUHepasIMsallHH pe3KO MOJUMHEHHYIO poulb, a 
OapuT MpakTH4eCKU OTCYTCTBYyeT. 


B 3anay{HoeBponeicKom NOATHNMe MHHepasIMsallMv KBapl] OCTaeTCA OHM M3 rlaBHBbIX 2KWJIBHBIX 
MHHepasIOB, HO HepefKO ABJIAeCTCH POFOBHKOBBIM WJIM XaJIeqOHOBHAHEIM. TypmasmmH umeer 
SHAUMTCIBHO MeHBbIUMee paciipoctpaHeHue HM NIPHypoOueH JIM K ONOBAHHO-BOJbpamMOBbIM MecTO- 
pOKTeHHAM. aTO pasiIHUHbIe KapOonaTs!, OapuT u (bIOOPHT ABMIAIOTCA MCKIIOUNTENBHO IMpOKO 
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PacIIpocTpaHeHHbIMH >KHWJIBHbIMH MMHepallaMM Py]HbIX MeCTOporKqeHHi, a OapuT u cb00puT 
HepeyKO WalOT HM CaMOCTOATCJIBHBIC MECTOPOKTCHUA KPyNHOrO IPOMBbILWIeHHOrO 3HaueHua. He 
_ ciyuaiiHo, uro Espoma B resiom 3aHvMaeT Beflylyee MecTo No WoOnTue Oaputa, BuTeputa u cboopuTa. 
IIpucyrcrBue *Kenesa npeumynjecTBeHHO B :bopMe KUCIOpOHHIX coeyMHeHUi (remaTuT, cuyepurT), 
OoubIIoe yuacTue KapOouaTOB HM CyJIb(PaTOB B COCTaBe *KUJIbHbIX MMHepasiOB yKa3bIBaloT Ha CyuyecT- 
BeHHY!0 POJIb KHCIIOpOa B KauecTBe OMHOFO 43 MUHepasMsaTOposB. q 


; UrTo KacaeTcH TaKUX THMMUHBIX MeCTaJWIOB OCHOBHBIX UM YJIBTPAaOCHOBHbIX MarM, KaK ljlaTHHa, 
XPOM, THTaH, TO OHH IIpaKTH4CCKH OTCYTCTBYIOT B o6oux TIOWTHIIaX MHUHepasIM3alyuun BHCIWIHHX 30H. 


Takum 00pa30M, H€CMOTPA Ha 3HaUHTeJIbHbIe UepTHI CXOJICTBa, MeTaJWIOreHuuecKHe NPOBHHIMH 
3allafHOeBpoOMeHcKoro M BOCTOUHOA3HAaTCKOFO NOATHNOB OOayaloT HM CyWeCTBCHHbIMM pa3sIMUuNAMH, 
He NMOSBOJIAIOUIMMU 00’eMMHATh HX B OMHY rpymny. OTH pasiMUNA MpOABMAKOTCH He TOKO B 
KOMIUIeKCe XapaKTePHbIX METAJVIOB, HO TaK*Ke B COCTaBe MHHepasIM3aTOPOB HM YKVWJIBHbIX MMHEpaJIOB. 


OueHb HHTepecHbIM ABJIAeTCAH MOBeeHve >KeTIe3a B pa3JIMUHbIX TuMax MeTasWIOreHHueCcKHX 
MIpOBMHIMH B 3aBHCHMOCTH OT COCTaBa MMHepamMsaTopoB. B merasmoreHuueckux MpoBHHIWAX 
BHYTPeCHHUX 30H 2KesIe30 B NOWaBIAIOWeH Macce BXOJMT B COCTaB KOJUeaHOB HM MarHeTHTOBBIX, 
THTAHOMarHeTHTOBbIX HM allaTHT-MarHeTHTOBLIX py] (MHHepasIMsaTOpbl cepa, TUTaH, dbociop, oTuacTu 
Kucnopoy). B mpoBHHWMAX salagqHoeBpolielickoro mMoyTuMa >»xKeNe30 JaeT rlaBHbIM oOpa3s0m 
TeMaTHTOBbIe M CHJIEPHTOBbIe pybI (MMHepasMsaTOpbI KUCOpoy, yruieKkucnota). Hakouen, 
B IIpOBHHIMAX BOCTOUHOA3MAaTCKOrO MOATHMAa *KeIe30 MOUTH He MaeT MPOMBILUIeCHHbIX Me€CTOPO?K- 
leHuli, HO B reOXHMMUeCKH TpOMaHbIX KOJIMUeCTBAaX BXOJHT B COCTAB 2KeJIe3HCTbIX TypMaJIMHOB 
(MuHepamm3aTop Oop) H OTUACTH 2KeJIe3HCTHIX XJIOPUTOB. 


IIpoyeccbr cequMeHTalluu, Kak yoKe OTMeUaJIOCb, He CO3akOT OUCH pe3KHX reOXHMHUeCKHX 
pasiIMmuMl MexKTy pa3sIMuHbIMM THNAaMM OporeHuueckHx 30H. Ecim roBopuTb 0 Tomax coOcTBeHHO 
OcaJOUHBIX MOpOA, TO MOXKHO, MOKalIyi, OTMETHT JIMIUb HECKOJIbKO MOBbILIeCHHYIO pOsIb KapOo- 
HaTHbIX (HM BYyJIKAHOreHHbIX) (baljuli BO BHYTPeHHMX 30HaX MeTaJWIOreHHueCKMX IIOACOB UM TeppH- 
TeHHBIX (palwii B UX BHeWIHMX 30HaxX. OjHako, paciipeyesieHwe HeKOTOPbIX THNOB OCaJ{OUHbIX 
MeCTOPO)KTeHH HeEBOJIbBHO oOpailaeT Ha ceOA BHUMaHHe. ‘Tak, HampuMmep, Opocaerca B ryia3a, 
uTO OCaJJOUHbIe MeCTOPOeKeHHA MapraHIj]a HM MeCTOPOXKTeCHHA TeOCHHKJIMHAJIbHbIX OOKCHTOB 
OlpeyesIeHHO TATOTEIOT K TEM MeTAaJIIOreHHUeCCKHM NIPOBHHIWAM, KOTOpbie ObIIM HAMM OlIpe{eJICHEI, 
KaK BHYyTPeHHHe 3O0HbI MeTaJWIoreHwuecKHx TOACOB. HaoOopor, ocayouHble MeCTOpOoK]eHHA 
MMHepasioB CTpoHUMA (IeyIecTHH, CTpOHIMaHHT) TAFOTeIOT K MeTAJIIOTeHHYeCKHM IPOBHHUMAM 
ganayHoeBponelickoro nogTuna (Cepmanua, BemukoOputanua). ‘Takad 3aKOHOMepHOCTS roOBOpHT 
0 TOM, 4TO IIOMUMO KJIMMaTHUeCcKO OOcTaHOBKH HM (paljvasIbHbIX yCJIOBHUM Tex OacceliHOB, B KOTOPbIX 
9TH MeCTOPOXKTeHHA .OOpasoBasIMch, OUCHb CYIJCCTBCHHY!IO pOJIb HIpasio HajiMuMe IepBHUHbIX 
MCTOUHHKOB IIMTaHuA 9THMM MeTasIIaMH, KOTOPble MPHXOAMTCA HCKaTb B MarMaTHUeCKOM JeATECIIb- 
HOCTH HM Ipoljeccax MarmMaToreHHOM MuHepalMm3sauuu. Bo BCAKOM CJlyuae, STy UMCTO 9MIMMpHUECKyI0 
3aKOHOMePHOCTS He GOeciosIe3HO UMeTb B BUY Mp yCTaHOBJICHHM MeTaJIOreHWuecKol XapaKTepuic- 
TMK TeX WIM MHbIX NpOBHHUMH. 

CyenaHHadt aBTOpOM MOMbITKa pa3fesIMTh OporeHHuecKHe 3OHBI Ha OTCJIbHbIe TeOXHMHMUECKHE 
TUJIbI NO XapaKTepy MarMaTHUeCKO JeATeJIBHOCTH M CBA3aHHOM C HeIO MHHepasMsallMu ABJIAeTCA 
JIMIUb MepBoit mpHOmmKeHHO cxemoH. ‘Tem He MeHee, OHA OTUCTIIMBO NOKa3bIBaeT, UTO He BCE 
oOporeHuuecKHe 30HbI OOsaaloT CXOMHOM reoxHMMUecKOl XapakTepHCTUKOM, H YTO OHM MOryT OBITS 
pasjeNeHbI 10 STOMY IIpH3HaKy 10 MeHbIleH Mepe Ha TPH TuMAa. 
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eee were eattied Bue acs magnesian serpentine can ois only up to a temperature ¢ 
the upper limit of its stability being only slightly affected by pressure. oS 
~g te ee asst “The System MgO—SiO,—H,O ” in Bulletin of the Geological Society of « Aerie, 0 


‘en . a bs sid DISCUSSION s + cavan 

J. P. MARBLE etait in what form the silica appeared which was produced in these reactions (i.e., Piette tridyr 
or sea aealey is 

_P. NIGGLI wished to know Seen "ey serpentine Pinas was caret or antigorite. 
Tu. Voct asked if an iron component would lower the transformation temperatures between = | equilit 8 
which had been demonstrated and how much. This question was one of some interest for the natural rocks with some ir 
~~ _N. L. Bowen, in reply, said that at the lower temperatures the silica was always in the form of cristobalite but 
5 the higher temperatures it always appeared as quartz which is, of course, the stable form in all the conditions in wh 
they worked. The serpentine phase was always chrysotile in all cases where it could be determined. The serpeni 
formed by serpentinization of olivine was, however, obtained in very small quantity and it was not possible to determin 
its character. In the case of serpentinization of olivine the temperature is lowered some 80°C. by the presence of about 
7 per cent FeO in the olivine. They were unable to induce serpentinization of hortonolite from the Bushveldt at ay 
temperature. 
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AN ALTERNATIVE TO THE HYDROTHERMAL 
THEORY OF ORE GENESIS 


By J. S. BROWN 
U.S.A. 


ABSTRACT 


The validity of the hydrothermal theory is questioned and a geological and chemical basis offered for a substitute. 
Geological support for the alternative is based on (1) mineral paragenesis and (2) zoning. Paragenesis is suggestively 
related to specific gravity; lighter minerals escape first and heavier ones later, indicating gravity stratification in the 
source magma. Zoning is related similarly to volatility, the more volatile substances travelling farthest, the least volatile 
being deposited deepest. This implies that the major method of transfer is as vapour. 


Chemical support for the theory is found in the principles of blast furnace smelting with the well-known differentiation 
of dissimilar substances into layers such as slag, matte, and speiss. The heavy sulphide layers are shown to be analogous 
to probable sulphide ore magmas. 


The existing concept of a single source magma for all elements of an ore sequence is held to be incompatible with 
metallurgical principles, and separate sources are deduced for silicates (pegmatites), oxides (iron ores), and sulphides. 
The sulphide magma is believed to constitute a widespread sheet resting on a peridotite basement at a depth of 40 to 60 
kilometres. 


INTRODUCTION 


OR nearly half a century the study of ore deposits has been dominated by the hydrothermal theory. 
F It is assumed under this concept that most primary ores originate in connection with igneous 
activity, as a result of the differentiation of a rock melt. In its final stages the process is supposed 
to generate a mother liquor or “ ore magma ”’ rich in whatever metallic or non-metallic ingredients 
may combine to form an ore deposit. The magma supposedly is rich in silica. The whole mélange is 
assumed to be unified by being dissolved in a great volume of water, and in the final crystallization of 
the magma this water is expelled upward to regions where falling temperature and pressure compel 
it to deposit its mineral load. The mechanics and chemistry of this process have been discussed at 
greatest length, perhaps, by Graton (1940). 
_ Inspite of the obvious relation of many ore deposits to igneous action, however, the hydrothermalists 
fail to present any clear, logical, or unified concept of the processes involved. They disagree as to 
whether the ore fluid was acid or alkaline, whether it was dilute or highly concentrated, whether it 
rose as liquid or as gas, whether it came from the upper or the lower portion of the related intrusive, 
and many other details as well. 


There have been occasional nonconformists who have expressed disbelief in the hydrothermal 
theory or cast doubt on certain of its aspects, but they have received little attention, perhaps mainly 
because they failed to offer any constructive substitute. Prominent among English dissenters has been 
Arthur Holmes (1937, 1938) who seems to have been inspired by his predecessor, J. W. Gregory (1928). 


Gregory based his doubts on the field evidence as to the occurrence of lead ores, so often found in 
essentially similar deposits either near or far from areas of past igneous activity. Holmes supplemented 
this with data on the radioactive nature of various types of lead. In the United States Basil Prescott 
expressed the scepticism of certain practising geologists by the conclusion that the field evidence 
failed completely to substantiate the basic assumptions of the hydrothermal theory (1946). My own 
experience and research on similar deposits led me to the same conclusion (1947). Unlike previous 
dissenters, I pursued the matter to the point where I feel justified in presenting an entirely new 
hypothesis. This seems to me to preserve most of the virtues of the hydrothermal theory, which are 
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chiefly superficial, and to resolve many of its ambiguities, which are fundamental. This hypothesis, ‘ 


which will be set forth in detail in a forthcoming book (1948), is based primarily on logical deduction 
and analogy from certain related lines of geological evidence, the first of which is the field of mineral 


paragenesis. ; 


SPECIFIC GRAVITY AND PARAGENESIS 


Strangely, although geologists differ so widely as to the nature of the ore magma and its manner of 
escape, they agree substantially as to the facts of mineral paragenesis. Lindgren (1936) summarized 
it as follows: 

“ The interesting fact soon becomes apparent that practically the same paragenesis holds for contact- 
metamorphic, hypothermal, mesothermal and epithermal deposits.” 

Surely any such well established law must stem from some fundamental uniformity in the nature 
of the ore magma and the conditions of its escape, yet no rational explanation has ever been advanced. 

It has, indeed, been pointed out that paragenesis in sulphide ores seems to bear some relation to 
the atomic weight of the anion or metal component, metals of least atomic weight generally appearing 
earliest in the sequence (Bandy, 1940). However, in oxide or silicate ores the conditions are greatly 
confused or even reversed. In my pursuit of this problem it developed that a more likely basis of 
control might be plain weight or specific gravity rather than atomic weight, as illustrated by the 
following tabulation for sulphide ores. 


Specific Atomic Weight 
Paragenetic Sequence Gravity of Metal 
PYTIte (RES3)scoccceencseagtecnas-c st atieseareposspaeccanane 5-02 Ae 55-84 
Pyrrhotitoe: (Be Sa) ice ac ok cece ease cu a 4-70 e 55-84 
Sphalerite (ZnS) c.cessccscsness-ascnscacencoscoahastaacs 4-08 Soe 65-38 
Chalcopyrite (CuFeS ie. -coscscecessscarcenasesceet es 4-28 a 63°57 
Enargite (GCu;S 5 ASiS4)tecssccesoecstenessnccenectecnens 4-45 cae 63-57 
Tennantite\(4CGu;S: As,Sa) eas sescsecendsesessecnencee 4-62 S34 63-57 
Stibmites(SbzS,)weceteee ete cree seceneeetaes cacetiteaecs 4°57 ae 121-76 
Galena (PbS) Bea.set.c.sescccucsccoswetectcsteesess testes 7°57 ae 207-22 
Boulangerite (SPbS:2Sb2S5) ....-....esseeeesecoeeeeees 6°15 --» (121-76-207:22) 
Argentite (Ag.S)inn--.cessecscssstacnioncassastoansencneee 7°32 , 107°88 
Cinnabar (HgS) ic. .5:.ssasccasasccascesesesscere meres 8-10 ar 200: 61 
Bismuth (Native) sec cses.sa.cssacsconss ss cosencceenectes 9600 9:75 ash 209-00 
Silvers (Native) cases: scssscescscscecsstecererneee somone 10:50 bb 107:88 
Goldi (Native) G..0s-s0s--cascsactisacccceenteseeeteteere 19-33 a 197-20 


The paragenetic sequence is a generalization but is commonly accepted with only minor variations 
such as the occasional reversal of the positions of sphalerite and chalcopyrite, or galena and certain 
lead-antimony sulphides. The correspondence to specific gravity is closer than to atomic weight, 
especially in the heavier elements. 


METALLURGICAL ANALOGIES 


Note that this tabulated sequence can be divided very naturally into three parts; (1) an upper 
portion mainly of pyritic sulphide and zinc sulphide, (2) a middle zone comprising arsenides and 
antimonial sulphides, (3) a lower zone dominated by galena and precious metals. 


Metallurgists will perceive at once a striking relation between this and certain elementary principles 
of the art of smelting as depicted in Fig. 1. 


In the blast furnace smelting of copper and lead several strata form in the melt: 
(1) A slag containing all the silicates and oxides; 
(2) A matte composed of pyritic sulphides and zine sulphide; 


(3) A speiss containing nickel, iron, arsenic, and antimony with copper, zinc and lead; 
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(4) In lead smelting, due to reducing reactions deliberately incited, a fourth layer of molten lead 
which collects nearly all the precious metals. Unreduced lead sulphide sometimes occurs in 
small volume above this layer. 


SoleoglGiae! SLAG MP 


SOs 59 SILICATES DEG-C 
AND OXIDES M50 + 


MATTE 


=. Ones) FEA. CU aZN 900+ 
SULPHIDES 


SPEISS 
ee FE,CU,NI,ASSB,S pel 
PBS-(CU,S) 800 + 
TOTS 


AU AG BI 


Fic. 1.—Blast furnace segregation of sulphides. 


The remarkable resemblance of this series to the paragenetic sequence is obvious. Can it be that 
this suggests the true nature of an ore magma, and that paragenesis results from the successive 
liberation of the components from the top downward? The idea is refreshingly concrete as compared 
to the vague inferences of the hydrothermal theory. It provides no room, however, for the aqueous 
vehicle of transport. What, then, would be the probable manner of escape? It is not likely that it 
would be by fluid injection, since the magmatic ingredients have segregated at depth because of their 
excessive weight. Some other means of transport seems essential, and naturally the principle of 
volatile transfer or vaporization at once suggests itself. The pertinent data regarding the volatility 
of common sulphides may be summarized as follows: 

Volatility of sulphides (Mellor, 1922-37*) 


Mineral Melting Pt. Volatility 
UGH EAT eicone nee dorisooconncoesBenboee aoDeS 320°C. In absence of air “ sublimes far below red heat.” 
SUD te sr reticetorcadess es acecscencees conc 546°C. _ Distils readily with air excluded. 
Ginna baiaecteceseve cesses codensiass s'eesiss ae Volatilizes without melting, 580°C. 
Pyrite, arsenopyrite, chalcopyrite ... ate In air, dissociate at 675°, 690°, 600°C. No data for air excluded. 
PAESCIMULG ses asecccessesscssiesseseecssse one 840°C.  ‘Sublimes readily in quartz vessels.” Dissociates perceptibly at 

950° in air. 

Galetay tint ssess dees davestecsccvegsuse sss 1,130°C. Volatile below M.P.; often deposited in blast furnaces. 
Sphaleritescensc-sessesbe stenoses ances 1,645°C. Strong sublimation 1,000°-1,200°C. 
GW alCOC tes costes eaciassnesicccavsenccvoines 1,130°C. Data lacking. Dissociation and transformations occur. 
IPVTEROLitessspseeiosecooes se consitansatees 1,175°C. Low dissociation pressure at M.P. 
IBISTHAUtHesaectasssesncscacsecessncsiecvisacees 271°C. Vapour pressure 32 mm. at 1,119°. 
ilveroteemeecitecereneesssaces sceesesencvs 960°C. Ks 1 mm. at 1,200°. 
Goldieircrtetetetee sts ceeesthtsenccceseocee 1,063°C. o 1 mm. at 1,500°. 


*Data regarding volatility taken generally from J. W. Mellor. 
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The sulphides of arsenic, antimony and mercury volatilize readily at comparatively low metallur- 
gical temperatures, and galena and sphalerite at a moderately higher range. The pyritic sulphides 
when heated in air and at atmospheric pressure tend to dissociate into sulphur and a lower grade 
sulphide, but there is evidence tending to suggest that, under pressure and in the absence of air, they 
might volatilize as entities at temperatures not far above their dissociation points. The transport of 
sulphides as simple mineral vapors, therefore, seems to be a reasonable possibility. If this actually 
occurs in nature it should be susceptible of a certain measure of proof by comparison with another 
well-known geological principle, that of mineral zoning. A comparison between volatility and th 
zonal succession is presented in the following table. 


Volatility and Zoning 
Volatility Scale Zonal Succession (following Emmons, 1926) ; 
Realgaric.cea.css0sosees oe Cinnabar (and marcasite). ¥ 
Stibnite ss: ccsceteccenscsecnses Stibnite (with galena and gold). _ 
Cinnabarienc.cssd-sccseersc Gold tellurides; argentite, realgar, stibnite. 
Emareite?--.c-.:.sesposenceabes Pyrite (sparse). 3 
TUR IITE ali feos eenoocbecuncopeoe Argentite, arsenopyrite. 3 
AVP IGG tacren es sche saaase teases Galena, sphalerite, chalcopyrite. ‘ 
Arsenopyrite? ............+.. Tetrahedrite, enargite, tennantite. . 
Chalcopyrite? ............... Chalcopyrite, pyrite, pyrrhotite (main zone). 
Argentite, galena............ Gold, pyrite, arsenopyrite. 


Sphalerite, Pyrrhotite...... Quartz and sparse sulphides, bismuth, tourmaline, etc. P 


In this table the most volatile substances are listed at the top of the volatility scale, those which 
travel farthest from igneous sources at the top of the zonal column. The parallelism is fairly close. 
The most volatile sulphides, those of arsenic, antimony and mercury travel farthest. The pyritic 
sulphides, and especially pyrrhotite, which volatilize with difficulty are deposited near or even within 
intrusive masses. Most gold, silver and bismuth are deep-seated. Minerals of intermediate volatility 
such as galena and sphalerite and especially the arsenical and antimonial sulphides or speisses typify 
the mesothermal or intermediate range. Gold and silver occur to some extent in the intermediate 
range, perhaps because they attach themselves to volatile elements such as sulphur, selenium or tel- 
lurium for the journey and then dissociate on deposition. Previous attempts to explain the enigma 
of mineral zoning on the basis of solubility in aqueous solutions have been so at variance with the 
facts that even strong advocates of the hydrothermal theory have confessed failure. Cinnabar, one 
of the least soluble of all sulphides, invariably travels farthest, while the pyritic sulphides, which are 
most soluble, are generally deposited first. Surely volatility offers a far more rational explanation 


of the facts than solubility. 
THE SULPHIDE ORE MAGMA 


If it is admitted that sulphide ores may originate by volatilization from a concentrated magma which 
has been gravitationally stratified, what can be inferred as to the probable location and extent of such 
a magma? In this connection let us consider the broader features of the composition of the earth’s 
crust as illustrated in Fig. 2. Ignoring superficial sediments, it is generally agreed that the immediate 
crust to a depth of perhaps 25 kilometers has the average composition of granite, the sial layer. Beneath 
this, with a thickness of perhaps 35 kilometers is a heavier gabbroic or basaltic layer. This, in turn, 
rests on a shell perhaps 1,500 kilometers or more in thickness of peridotite, which is still heavier and 
also has a melting point some 200 to 400 degrees higher than that of the basaltic or granitic shells. 
It is commonly agreed that these shells owe their arrangement to gravitational segregation which 
most geologists attribute to cooling from a state of fusion. It is clear that, in this process, the peridotite 
should solidify first, and this would seem to provide the logical base for the location of a primordial 
sulphide source stratum, at a depth of roughly 60 kilometers or 37 miles. 

The thickness of this possible source stratum is problematical, but assuming only that amounts of 
sulphides corresponding to those presently known to exist in the accessible portions of the earth’s 
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crust may have accumulated gravitatively at depth, the thickness of the lead layer should be about 
two feet and the entire sulphide series nearly 300 feet. Assuming that the small amounts of sulphides. 
now found in average igneous rocks constitute merely the residue held in solution in a silicate slag and 
that the sulphide stratum may have segregated with something like the efficiency of metallurgical 
process of recovery, that is from 75 to 95 per cent, the total thickness might well be from 1,200 to 1,500: 
feet and the lead layer alone could easily amount to 40 feet. end) 

The fact that mineral paragenesis follows much the same laws the world over, implies that the 
magmatic source is very similar in nature throughout the world and suggests, therefore, that the 
sulphide magma may be worldwide in extent. There are some grounds, however, for believing that 
there may be an important differentiation. between the continental areas and the deep oceanic basins 
and that the sulphide magma may be restricted largely to the continents. 

_ The fact that individual mining districts differ, some yielding predominantly copper, some lead, 
others gold, etc., implies either that only a particular portion of the sulphide zone was yielding mineral 
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Fic. 2.—Constitution of the earth’s crust (after Hess). 


vapors at the time these deposits were formed, or else that erosion has exposed them to that particular 
horizon of deposition. The observed fact that certain types of mineral deposits seem to characterize 
various eras of geologic time may very well be a corollary of the stratified arrangement of the magmatic 
source. Thus, at an early stage in the earth’s cooling, when the entire sulphide series presumably was. 
molten, it was primarily the topmost or pyritic layer which yielded mineral vapors. Pyritic ores thus 
characterize the late pre-Cambrian and early Cambrian eras. When the pyritic matte had become 
largely frozen, it was primarily the underlying but still readily molten speiss and lead layers that 
supplied mineral vapors. Thus the Mesozoic is the great era for the formation of lead the world over. 


GANGUE MINERALS IN THE METAL SEQUENCE 

If a source magma thus consists almost entirely of metallic mineral components, what is the proper 
explanation of the abundant gangue minerals which commonly accompany the ores, and are so often 
interpreted as paralleling or interrupting the paragenetic succession? If there is any validity to the 
hypothesis proposed, it is obvious that these substances have nothing to do with the ore magma, but 
are simply materials which the ore vapors have displaced in their ascent and which have been re- 
deposited along the way. In some cases this process of displacement or alteration and redeposition 
long has been recognized and admitted, as in the sericitization or carbonitization of the wall rocks 
of veins. But there has also been a strong tendency under the hydrothermal theory to ascribe to many 
non-metallic substances a magmatic origin identical with that of the ore minerals. This assumption 
that quartz and carbonates, carbonates and sulphides, sulphides and oxides must all originate in a 
single ore magma and be deposited in a continuous sequence by a uniform carrier seems very 
unreasonable. How can acid and alkali be derived from a single source at the same time, or chemically 
and metallurgically incompatible substances accumulate harmoniously in a common reservoir? 


THE SILICATE AND OXIDE ORES 
Sulphides, of course, do not comprise the whole range of ore minerals, in spite of their predominance. 
Two additional classes of importance have been avoided thus far in order to concentrate attention 
upon the significance of density and volatility in relation to paragenesis and zoning. 
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First of all, it is generally agreed that, in many instances, the earliest phase of ore formation is a 
process of silication or silicate formation. This often takes the form of pegmatite injection and may be 
accompanied by valuable ore minerals such as apatite, mica, wolframite, beryl, mica and cassiterite. 
The relations of pegmatites to granitic intrusives are so close and so, clearly transitional in many cases 
that they are commonly accepted as constituting an end phase of granitic consolidation. For this 
reason the effort often has been made to interpret sulphide ore formation as merely an extension of 
the pegmatitic process, but this has generally failed to meet satisfactorily the field evidence that 
pegmatite emplacement usually was complete long before sulphide introduction occurred. 

Similarly, with the important group of oxide ores, particularly the iron ores including magnetite, 
hematite and ilmenite, the field and microscopic evidence usually is clear that these tend to follow 
silicates and to be followed in turn by sulphides. The oxide ores frequently mark the culmination of a 
process once popularly designated as contact metamorphism in which intense silication in such form 
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| Fic. 3.—Relations of the various source magmas and their zones of deposition. 
as garnetization, epidotization, etc., ended in the deposition of iron ores and may have been followed 
by a minor wave of sulphides. Thus the full paragenetic succession is well established as: (1) silicates; 
(2) oxides; (3) sulphides; a working principle long used but never adequately explained. 

In Fig. 3 an attempt is made to fit these additional classes of ores into a reasonable position 
harmonizing with the facts of field geology and also with the conception of a deep-seated sulphide 
source layer. 

Fig. 3 presents a detailed interpretation of the composition of the earth’s crust and the probable 
sources of ores in amplification of the essentials given in Fig. 2. At the top is a zone 5 to 10 kilometers 
thick of sedimentary and metamorphic rocks, the area in which ores commonly are deposited. Beneath 
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is the granitic or sialic layer, which is the source of the great bulk of our predominant intrusives, the 
granite family and its allied effusives. Since pegmatites are virtually an end stage of granitic intrusion 
it seems reasonable to suggest that they are the product of an independent type of magma, ore magma 
in some instances, which is generated at a high level. This is inherently of low specific gravity and 
hence probably is emplaced mainly by fluid injection. The high position of this pegmatitic magma in 
the rock column assures it naturally of being the first of the ore-making series to be emplaced in any 
area where igneous activity is subsiding and ore materials are being liberated in order from the top 
downward. 

Beneath the granitic layer is the basaltic stratum, distinguished by its fairly low silica content and 
high iron and magnesia. This seems to be the natural place to seek the source magmas of primary 
iron ores, and it is suggested that stratified sheets highly enriched in iron such as are known at various 
places in association with great basic intrusive sheets actually constitute the probable source of most 
primary oxides of iron and titanium. Their position thus falls appropriately at a level intermediate 
between the source magmas of pegmatites and sulphides. In the process of successive liberation from 
the top downward they fit naturally into the proper time interval following pegmatites and related 
silicates but preceding sulphides. The exact manner of emplacement is left open, but it may include 
fluid injection in some cases and volatilization in others. : 


THE FUNCTION OF WATER IN ORE FORMATION 


We have now reached the final phase of the problem, the réle of water in ore formation. It might 
be inferred by this time that the author is completely atheistic and would deny that water has any part 
in the ore forming process, but this is by no means true. The low solubility of all ore substances in 
water seems to indicate that it is unreasonable to invoke water as the primary means of transport 
from the magma. It also seems wholly incompatible with chemical and metallurgical experience to 
believe that water can accumulate in appreciable volume at the depths where ore magmas probably 
are generated under the present hypothesis, or even at the depths commonly accepted to-day by most 
hydrothermalists, which tend to be well beyond the deepest zones uncovered by erosion, or necessarily 
many miles below the original surface. It is also inconsistent with the known facts as to the occurrence 
of water, which are tabulated herewith. 


Water Content of Rocks 


Clay and alluvium. stxccc.esscsseseetseeseorseeetasortocatacntees 5 to 50 per cent. 
Soft’sandston@ier--t-:sengeceec.snccctseveo tee ereacsenaanestasnaes 5 to 25 of 
PimestOne (POrOus)=-:-0--sseesecccsseceesserscsecesceseecsteseeess 5 to 15 f 
Shale sete. -cessreccetnccressctcientecn see seecsiccterecctccsseccseness 5 + 
Slates quartzitesmatble c-c.ccceses-oceveressscascresssesecsenens 1 to2 sp 
Igneous rocks, crystalline ..........0.sscecsesseeseecececesencaes Wnderi= =, 


It seems obvious that water exists chiefly at the earth’s surface, in the oceans, lakes and rivers, 
and that the amount contained in ordinary rocks decreases directly with their depth from the surface 
and their degree of consolidation and in all crystalline rocks is comparatively insignificant. These 
facts are wholly in accord with the known lightness and volatility of water. Wherever it is carried 
down to any appreciable depth in the earth’s crust by entrainment, it should soon be squeezed out, 
or expelled as steam and returned toward its home at the surface. 

Wherever ore vapors rise into the water-saturated crust, however, water becomes at once a vital 
reagent of precipitation and, for short distances, of transportation. It also doubtless aids immeasurably 
in the disposition of the substances replaced, either by rendering them volatile at low temperatures 
or by carrying them away in solution. In this process hydrothermal solutions undoubtedly are 
generated in great volumes, and this doubtless accounts for the extraordinary hold of the hydrothermal 
theory upon the imagination of geologists. At the scene of deposition its evidences are often over- 
whelming. This, however, is hardly justification for attributing equal importance to aqueous solutions 


at the depths where ores are generated. 
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It is suggested, therefore, that geologists give serious thought to revising their concept of the 
origin of ores by eliminating water as a factor of any importance in the accumulation or primary 
transport of ore substances, and by restricting it to a very vital role in precipitation at the site of 
deposition. 
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DISCUSSION 


E. L. Bruce: The theories of the formation of ore deposits have reached such an unsatisfactory and static position 
that it is a matter of much interest to have a contribution such as this especially one from a person who not only is con- 
cerned with theoretical considerations but one who has achieved outstanding success in the discovery and development 
of bodies of ore. I hesitate to attempt to discuss the paper without having had an opportunity to read it but there are 
certain aspects of it with which I cannot fully agree. It might be pointed out that if the transfer of elements occurs under 
supercritical conditions the distinction between solutions and gases disappears. Mr. Brown has pointed out that the 
table of zonal arrangement of ores is incomplete. I should like to add that it also shows gold in a position which Mr. 
Brown would consider as indicating a minimum amount of transfer from the parent magma. Yet field and laboratory 
investigations show that in most gold deposits the gold is a late constituent, and that it occurs at so great a distance from 
the source that the igneous rocks formed from its source magma are commonly never to be found. 

K. C. DunuHamM: Mr. Brown is to be congratulated on reminding geologists that large-scale experiments involving 
silicates and sulphides are carried out every day in smelting operations, and that a body of physico-chemical data on the 
subject exists. It may well be that a stratiform arrangement, corresponding generally with the three layers (silicate- 
matte-speiss) existed in the primordial earth. The transfer of material from the sulphide layer to the highest parts of the 
crustal shell where sulphide ore deposits are now found represents a fundamental problem. At first volatility seems 
even less competent to explain the facts than the now traditional hydrothermal theory, and I shall be interested to read 
how Mr. Brown reconciles a temperature of volatilization of 1,130°C. for galena with the world-wide presence of this 
mineral in deposits of the Mississippi Valley type, whose temperature of formation can have been little above 100°C. 

W. NIEUWENKAMP: What is the relation of this conception to those of Vogt and V. M. Goldschmidt who also had 
the comparison with the blast furnace constantly in mind? 

J. S. BROWN (in reply): These comments scarcely call for any definite reply. They present questions of importance 
which have been considered and discussed at length in the author’s book which sets forth these ideas in detail. In the 
specific case of the question as to how the matte layer may be disposed of to pave the way for volatilization of speisses, 
this could be either by the freezing of the matte, permitting it to fracture and provide avenues of escape, or by its lateral 
displacement due to changes of load due to erosion and sedimentation. 
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QUIMISMO DE ALGUNOS GRANITOS DE PONTEVEDRA (ESPANA) 


By G. M. CARDOSO and I. P. PONDALL | 
Spain 


ABSTRACT 


Se estudia la mancha de granito de biotita de Porrifio. Salvatierra y Puenteareas de 190 km2., limitada al sur por el 
rio Mifio, al N y E por granito de dos micas y al W por gneis de horblenda y gneis normal. 

Granito porfidico, con biotita. La mancha esta constituida por un granito de tipo Acido con feldespato rosado; en 
él solo se observan muy escasos filoncillos apliticos, y por otro menos dcido con horblenda y feldespato blanco enclavado 
dentro del drea del primero. 

Entre los minerales accesorios se destacan el apatito, esfen a, circ6n, ortita. 

Para el estudio de la diferenciacion se han hecho varios andlisis quimicos. Basdndose en ellos se formulan los nimeros 
de Niggli siguientes: 


si al fm c alk 
A plitas Bugasittcscs-cssseccss-ccenccsrcss 462 44-5 15 5°5 38-3 
Granito de biotita Porrifio ......... 382 43-5 10-0 3-5 43-0 
Tod P1d= PESqUelEAS |< cescaccscssiesses.cs 347 44-5 14-5 11-0 30:0 
Granito de horblenda Cabreiras ... 254 33-5 24-0 14-0 28:5 
Gabarro Cabreirds care-.ccc-acclee-s0 182 PENS 33-0 17-0 20-5 


Estos numeros demuestran que se trata de granitos procedentes da la diferenciacion magmatica en la serie calco- 
alcalina del tipo normal de P. Niggli. 


DISCUSSION 


J. L. Amoros: El Profesor Cardoso se ha referido en su trabajo a diferencias de interpretacién sobre la edad y origen 
de las formaciones graniticas del N.W. de Espafia, entre los geologos espafioles y portugueses. {Podria el Prof. Cardoso 
hacer una breve exposicion de las principales diferencias arriba indicadas? 

G. M. Carposo (in reply): En efecto hay disparidad de criterios entre los gedlogos espafioles y los portugueses y 
entre los portugueses mismos con la tendencia de la escuela de Cotelo Neiva a considerar una misma edad para todos 
y la de los espafioles que con ligeras variantes suponen tres periodos: el mds antiguo antecambrico de granito normal o 
gneisico muy alterado, el caledoniano de dos micas y el posterior herdnico de biotita, al cual hay que atribuir de amerdo 
con los gedlogos espafioles del final del siglo XIX el granito de Pamiro. 
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THE DISTRIBUTION OF BARIUM IN THE ALKALINE 
ROCKS AND FENITES OF ALNO ISLAND 


By HARRY VON ECKERMANN 
Sweden 


ABSTRACT 


In connection with a comprehensive petrological study of the alkaline rocks and the surrounding fenites of Alnd 
Island more than 120 rock analyses were made. In most cases the content of BaO was determined. A subsequent separate 
study of the rock minerals is still in progress, and many complete analyses of minerals are already available. 

Although not complete, the data now on hand allow of a preliminary review of the distribution of BaO in the 
alkaline rocks of magmatic origin and in the surrounding syenitic and nephelinized fenites. They disclose a considerable 
migration of barium ions from the intrusive liquids into the metasomatically metamorphosed wall rock. They illustrate 
also the concentration of barium in the residual solutions, viz., the leucocratic and carbonatitic rocks rich in potash; 
this partly being due to gravitational separation of mafic minerals poor in barium. 

The ultimate concentration of barium occurs as barite veins, which were discovered during the years of the last world 
war. They have been mined since 1943 and met the demand of the Swedish market when the import of barite failed. 


N the course of a recent comprehensive petrological study of the alkaline rocks and their surround- 
ing fenites of Alné Island 124 rock analyses were made and in most cases the content of BaO 
was determined. A subsequent separate study of the rock minerals is still in progress but 30 

complete analyses of minerals are already available. Although not complete, the data now on hand 
may serve to shed some additional light on the distribution of barium in alkaline rocks. 

Rankama in his paper on the geochemical differentiation in the earth’s crust refers barium to a 
group of elements, called by him the granitophile elements, which tend to concentrate in the outermost 
parts of the earth’s crust. He presents, too, a compilation of the determinations by previous authors 
of the BaO content of different rocks, and calls attention to the strong enrichment in the rapakivi 


TABLE I 
BaO Percentage 
Number of 
Minimum Maximum Average Analyses 

Migmatites: 

GIeISS-Stalite mrreaesen-sssensteoseeensasseesees 0-01 0-01 0-01 2 

SChistSuemcsccccseceetetctessssccsstere iterate 0:06 0:06 0-06 1 
Fenites: 

MelanoctatiCnacess.csesescstecdedeseaensetisenes Trace 0:07 0:03 3 

IMeSOCTAMCscsmesaesasnencnsatcemocnsiect concccee 0-07 0-18 0-12 2 

PeUCOCKAUCseercrcectesceseeressceretcnesascsies 0-04 0:46 0-25 4 
Alkaline Intrusives: 

MelanocratiCosacsscotc.ctasuseeeeseerstroscas ance 0:08 0:35 0:20 4 

INIGSOCTAUCsccesces-ccsiecssssscressesnensaesscnrss 0-05 0-33 0-27 4 

MPC COCTAU Camsenetisstacnccses:acnctcesstonsesers 0-25 0-62 0:47 4 

SMIES cece Mereteca ie eiedor.troees bas vapenn aes 0:07 0:29 0-18 2 
Dike-Rocks: 

AlnGites <r ccanqocsececottotersanecsencccras: 0-08 0-25 0:17 3 

Quachitites: << ésvcscsese tone se soeeewesoncars 0-26 0:27 0:27 3 

Nepheline-Porphyries....-+-..2....eeceseeeee . 0-08 0:36 0:27 3 

Beforsites (dolomitic carbonatites)...... 0-00 0-61 0:24 6 

Alvikites (calcitic carbonatites)............ 0-03 0:77 0:27 7 
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granites and its further increase in the Paleozoic and Mesozoic granites as well as in the Tertiary 
granophyre. The alkaline rocks, however, are not represented and the closest approach is an average 
value of 0-2 per cent given by von Engelhardt for syenites. 

The new determinations of the BaO content of the rocks are given in Table I. Comparing those of 
the Archaean migmatite with the gneissose granites of Rankama’s compilation the magnitude is of the 
same order, although slightly lower. Within the fenites a very strong enrichment is noted which seems 
to reach higher top values in proportion to the increasing feldspar and nepheline contents. The same 
is the case in the magmatic intrusive rocks where still higher minimum, maximum and average values 
are registered. The BaO-content of the carbonatitic rocks of ‘‘ abyssic ” character, so called sévites, 
which accompany the main magmatic intrusive, is equivalent to that of the mesocratic intrusive rocks. 

If we turn to the dike rocks of hypabyssal character we do not find the same regularity of distribu- 
tion between leucocratic and melanocratic rocks. The maximum values may be said to constitute a 
rising series, but not so the minimum or the average ones. This becomes understandable when one 
bears in mind that while the “‘ abyssal”’ rocks are all samples of contemporaneous equilibria at one 
and the same intrusion level, now uncovered by erosion, the dike rocks of cone-sheet character, 
although sampled at the very same level have travelled different and far greater distances in shorter 
time than the more slowly rising magma column of the central conduit. The fractures of the wall 
rocks, caused by an explosive shattering due to a sudden increase in internal CO, pressure, were probably 
very rapidly filled by the magmatic liquid forced out from the respective cone-sheet foci. The examina- 
tion of the resulting rocks has led to the deduction that in most cases very little alteration has taken 
place during their ‘‘ mise en place,” bar some carbonization. Of very great interest is therefore the 
almost constant average value, 0-27 per cent BaO, of all the dike rocks except the most femic ones, 
the alndites. It not only confirms the rapid consolidation of the dikes but suggests, too, a correspond- 
ing percentage of BaO in the main intrusive at the depths of the cone-sheet foci. 

If we now examine the hitherto established distribution of BaO in the minerals, given in Table II, 
the absence of any barium in the nepheline and the maximum values in the case of the soda-orthoclase 
immediately attracts our attention. The nephelines are both samples from the fenitic rocks, that is to 
say represent the product of nephelinization “in situ’’ of the wall rocks of the magmatic conduit. 

Of the feldspars two samples derive from the fenite; the one of the higher BaO percentage from the 
inner fenite boundary, the other one from about the middle of the zone of nephelinization. Nothing 
is, consequently, known as yet about the barium content of the nepheline of the intrusive rock; its 
apparent increase in proportion to the nepheline and feldspar content may in this case, too, be due to 
the feldspar alone. As, however, the magmatic liquid was the carrier of the barium it seems reasonable 
to expect its distribution over both nepheline and feldspar. 


TABLE II 
BaO Percentage 
Intrusive 
Siliceous Sdvites Fenites Alnéite 
rocks 
INepheliticcers-cteccce-cctesecvescaccnscsesbascncsssene 0-00 
Me ee oc Seoanosnrecsosasnagees 0-00 
Soda-Orthoclase ..........scescsscesseescrsceeeeeees 1-62 0:37 
a penpals caterer nee 1:20 re 0-72 ee 
BiOtitCarr cnet en carne cae niacescerssaneccsuscecesns asses sas sic aes 0:53 
(EE eer Ee 0:71 x2 < 
LS SG EL INE RP 0:55 
ag EES EE TRO OIE PT se 0:55 = 
fIiWrelanite de ceca soos aes ecascsectines senza saccceess Ses axe 0:06 eee 
Barkevikitic Hornblende ............02seseeesees 0-04 Ms 3 ya 0:04. 
Aegirine-Augite ........sscrecsesersscereesessoeeoes 0-06 . ast 
RR ere scaitetasgereal sarietnercetnons ens 0:02 0:02 0-00 
: ye 0-00 #9 
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PART II: PROBLEMS OF GEOCHEMISTRY 


I have shown elsewhere that during the process of fenitization potash migrated font the intrusive a 


liquid simultaneously with the formation of nepheline. As far as can be judged from the few analyses — 


now available, a considerable diadochic replacement of K by Ba did take place in the orthoclase lattice _ . 


but none in that of the nepheline. This may suggest that the potash of the latter mineral derives from 
the original potash of the fenitized migmatite, while that of the soda-orthoclase migrated, wholly or 
- partly, from the central alkaline intrusive. Until this suggestion, as well as the absence or presence of 
barium in the various nephelines, is definitely proved by further analyses, any speculation about the © 
reason for this selective replacement is premature. It may be noted, however, that synthetic Ba- 
nepheline produced by Weyberg in 1909 did not agree satisfactorily with the formula R,A1,Si,Og. 

Next to the soda-orthoclase the biotite contains the largest percentage of BaO. Of the four analyses 
hitherto executed, three refer to biotite from sdvites and one, the lowest, to the biotite phenocrysts 
of an alndite. As the fenite generally does not contain any biotite within the zones where an increase 
of BaO has been established, the mineral in question is of no use when studying the migration of barium_ 
into the fenite. On the other hand, a future study of the distribution of BaO over the biotites of the 
different intrusive rocks may furnish some interesting data. 

A mineral which will have to be investigated as a possible, bearer of some of the barium enrichment 
of the fenite is the apatite, the increase of which is conspicuous during the last stages of fenitization. 
At present two analyses only, both of sévite-apatites, are available. The one of low barium content 
occurs in a sévite poor in apatite, while the one of high content is sampled from a sévite very rich in 
apatite, up to 25 per cent and more. If this connection is accidental or not will have to be shown 
by further analyses. 

As might have been expected the femic minerals melanite, pyroxene and barkevikitic hornblende 
all show very low barium contents. This applies to the minerals of intrusive rocks and fenitic rocks 
alike. 

Finally, a few words may be said about the large-scale concentrations of barium discovered during 
the years of the last war at a critical time when the Swedish import from Germany was cut off. The 
barium occurs as barite veins hundreds of metres long and 2-3 metres wide. When they were first 
looked for, the search was based on the new tectonic picture arising from the re-survey of Alné and 
on the assumption that barite concentrations, if any, should be expected to occur in those zones of 
weakness where the post-magmatic activity may be supposed to have survived the longest. 

When the first dike was discovered an old botanic hobby provided an unforeseen “ short cut” by 
which not only could the direction of the veins be followed above the covering drift, but new dikes 
discovered, too. A bush with red berries, Lonicera xylosteum, was observed to grow above the outcrops 
of the veins where it thrives on the sulphurous soil, but not on the barium. This was verified both by 
analysis and by the occurrence of the bush along the outcrops of pyritic sévite dikes, too. 

The barite dikes have been mined at a rate of about 4,000 tons a year. Their total lateral and 
vertical extension is at present unknown, but they do not seem to run to any great depths. About 
two thirds of the veins consist of almost pure barite, 99-5 per cent, while the remaining third is com- 
posed of marginal alternating zones of barite, calcite and two types of fluorite, one of a normal violet 
fluorescence and the other of a bright yellow one. The SrO content of the pure barite is 0-06—0-03 
per cent only. 


DISCUSSION 


E. S. LARSEN, JR.: In the crystallization and differentiation of basaltic magmas, barium tends to be concentrated in 
the residual liquid during the early stages. On the crystallization of biotite and potash feldspar barium is greatly con- 
centrated in the early material to crystallize, thus impoverishing the residual liquid in barium. The last residual liquid 
is nearly free of barium. This is well illustrated in the rocks of the Highwood Mountains, Montana, where sanidine 
crystals are strongly zoned with cores that contain over 6 per cent of BaO and outer zones that are nearly free of BaO. 

Barium may be nearly lacking-in the deuteric and early hydrothermal minerals, but may be concentrated in late 
hydrothermal solutions. 
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PHASE RULE AND GEOCHEMICAL 
MOBILITY OF ELEMENTS 


By D. S. KORZHINSKY 
USSR. 


ABSTRACT 


An equilibrium assemblage of minerals composed of n components, depends on n + 2 independent factors. A part 
of them are factors of extensity (the content of some components), others are factors of intensity (temperature, pressure, 
concentration of some components in percolating solutions). The maximum number p of minerals in assemblages, 
formed under given conditions, is equal to the number of independent factors of extensity. Other m + 2—p factors are 
independent factors of intensity, in accordance with Gibbs’ Phase Rule. By applying systematically this rule to rocks, 
we may establish that some components under given conditions are “ perfectly mobile,” their concentrations in solution 
being independent factors, whereas others are “ inert,’’ their concentrations in solution being functions of their content 
in the rock. 

The geochemical mobility of elements and oxides depends on the activity of solutions, temperature and depth, and 
is connected mainly with solubility in natural solutions. 

The decreasing mobility series for high temperature processes of the most deep-seated gneiss complexes is: H,O, 
CO,, S, SO;, Cl, K,0, Na.O, F, CaO, O,, Fe, P,O;, BaO, MgO, SiO,, Al,O3, TiO.. 

For high-temperature processes near the surface it is: HO; CO., S, Kx0, Na,O, O., MgO, Fe, CaO, SiO, P.O;, Al,O3, 
TiO,; and for low-temperature processes near the surface: H,O, CO., S, K,0, Na.O, O,, Cu, SiO., CaO, MgO, Fe, 
P,O;, Al,O3, TiOz. 


NE of the most fundamental tasks of geochemistry, as defined by Russian academicians 

V. I. Vernadsky and A. E. Fersman, is the study of geochemical migration of elements. There- 

fore the geochemical mobility, that is the ability of elements and oxides to migrate (to be trans- 

ported) in the course of natural processes of formation and alteration of rocks and ores, is one of their 

important geochemical properties. The mobility is extremely different for different components and is 

dependent mainly on the solubility of a given component in natural aqueous solutions, the presence of 

which is necessary for the formation of minerals, at any rate of silicates. Moreover, the ability of a 

component to diffuse and the ability to percolate with the solution through the pores of rocks 
(filtration effect) are also of importance. 


In studying the geochemical mobility of elements particular importance should be attached to a 
systematic analysis of the regularities in mineral association on the basis of the phase rule. 


As it is known, Gibbs’ Phase Rule expresses the relation between the number of components n, 
the number of phases p, and the number of freedom degrees fin an equilibrium system: 
ftp=n4+2. 
V. Goldschmidt (1911) was the first to apply the phase rule to mineral associations in a simplified 
form of “the mineralogical phase rule” (p <n). Since that time the phase rule gained general 
acceptance in petrography and was used by many authors to establish the stability or instability of 


mineral associations in rock and as a basis for a graphical analysis and representation of equilibrium 
mineral associations of rocks. 


In addition, the phase rule was proved to be applicable in establishing the relative mobility of 
elements, a discussion of which will be proceeded to. 


The physico-chemical parameters, or values characteristic of the state of a system, may be divided 
into intensive and extensive ones. The former do not depend either on the mass of separate phases 


in the system or on the ratio of their masses, whereas the latter do. The intensity factors comprise the 
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temperature, pressure and concentration of components in phases. The extensity factors include the 
heat content of the system, its volume, and the amount of each component in the system. 

_ Gibbs’ Phase Rule considers only the intensity parameters. The number of independent intensity 
parameters, i.e., the number of degrees of freedom, f, according to this rule is m + 2 — p. What is then 
the total number of independent intensive and extensive parameters in the system (f, + f.) ? If we 
determine the system with the aid of all its independent intensity parameters, f, — n + 2 — p, and add 
the masses of each phase, i.e., p of the independent extensity parameters, the system will be perfectly 
determined, the total number of independent parameters being f, +f. =(n + 2—p) +p =n+2. 

Thus the total number of independent parameters, both intensive and extensive, of the system does 
not depend on the number of its phases but only on the number of its components; viz., the former 
exceeds the latter by two. 

In the case of an abstract physico-chemical system it makes no difference which of the parameters 
would be considered as independent, and which as dependent ones, only the total number of 
independent parameters being unquestioned. We may assume to be independent only the extensive 
factors, determining the system by the masses of each of the K components, the total volume and heat 
content of the system, i.e., by the m + 2 extensive parameters. Then all the remaining extensive and 
intensive parameters would be functions of the independent parameters used. But we may substitute 
a part of the extensive factors by corresponding intensive ones; that is, instead of the volume of the 
system its pressure may be used; instead of the heat content of the system, its temperature; instead of 
the amount of a component in the system, either its concentration in one of the phases or the activity 
or the chemical potential of this component in the system. The number of independent intensity 
factors f; however, cannot exceed the number n + 2 — p, that is: 

if, +f. Celt + Z 
fan P2—p 
p<f,<n+2 

In concrete systems, however, the state is determined by quite definite factors, for which’ reason 
the division of parameters into independent and dependent ones ceases to be arbitrary. Some of the 
parameters are determined by the external conditions of the process or by the initial state of the system. 
Such external parameters, independent of the physico-chemical properties of a given system, certainly 
are always independent equilibrium factors. The values of the dependent parameters are fixed at points 
depending both on the physico-chemical properties of a given system and on the external factors. 
In order to understand the natural process which has brought about the present state of equilibrium, 
it is very essential to establish the extensive or intensive nature of the external factors. To achieve this, 
the phase rule may be helpful. 

In the processes. of mineral and rock formation in the earth’s crust, due to a possible change in 
volume and heat diffusion, it is not the extensive parameters, heat content and volume but the 
intensive parameters, viz., temperature and pressure that are external factors as suggested by V. 
Goldschmidt. Hence the number of independent intensive parameters for each equilibrium association 
decreases by two, as a result of which Goldschmidt’s “ mineralogical phase rule ”’ (p < n) is obtained. 
The practice of applying the phase rule to rocks has fully justified Goldschmidt’s assumption con- 
sidering temperature and pressure as independent factors of mineral formation. 

As to composition, in a closed system it is obviously determined by extensive factors only, viz., 
by the amount of components in the initial state. But the case is possible when it will be only for a 
part of the components that their amount in the final equilibrium state of the system will be dependent 
on the initial amount, whereas for the rest the amount will depend on the concentrations of these 
components in the supplied solution or, in general, will be determined by the activity of these 
components in the external medium. Consequently, just as the heat conditions of a system may be 
determined in some cases by the constant heat content (of a thermally isolated system), and in other 
cases, by the temperature of the surrounding medium—so will be the amount of a given component 
determined in some cases by the initial content, and in others, by its activity in the surrounding medium. 
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Hence it is a case of semi-opened systems, which are closed for some components and opened for 
others. 

In the laboratory we have to do with a half-opened system for instance, when igniting nonvolatile 
substances in an open crucible. The amount of these substances in the crucible is not changed, whereas 
the oxygen and nitrogen content for equilibrium states will depend not on their initial amount in the 
crucible but on their pressure in the atmosphere and on the nature and content of nonvolatiles in the 
crucible. Another example is presented by membrane (osmotic) equilibrium. In natural processes of 
rock formation and alteration half-opened systems are common, due to the fact that some of the 
components are poorly soluble in the aqueous solutions affecting the rocks and hence are not displaced, 
while others are readily soluble, easily diffuse through the solution or readily percolate along with 
the solution through the wall rocks; therefore their activity in the rock should correspond to that of 
the incoming solution. 

The components which do not change their content in the course of processes of a given type will 
be termed “‘ fully inert ” during these processes. The components whose content does not depend on 
the initial content but is determined by the activity in the external medium (e.g., in the incoming 
solutions) will be termed “fully mobile” during a given type of processes. These are two extreme 
ideal cases. But the subsequent deductions are applicable also to such more natural cases when the 
inert components may somewhat change their content, however not to such a degree that the deviation 
from the ideal inertness should result in a change of the type or number of phases in the system con- 
sidered. 

Applying the phase rule to mineral associations we are justified in considering as phases only 
minerals, although in the formation and alteration of rocks, at least of silicate rocks, a part was 
doubtless played by some solutions afterwards removed. 

Rejecting two degrees of freedom related to temperature and pressure, we obtain the phase rule in 
the following form: 

PSRs 
where f, designates the number of independent (free) concentrations of the components. The number 
of minerals in an equilibrium association is thus equal to the number of components minus the number 
of free concentrations. However, in concrete cases only a part, fom, of these free concentrations changes 
really independently, representing external concentrations of fully mobile components. Another 
part, f,, is the number of degrees of freedom of those possible variations in the composition of 
minerals which depend on the variations in the contents of inert components and therefore are not 
independent. Systems of minerals are possible in which the composition is constant and does not 
permit any variations with regard to the inert components considered (f,, = 0). For such systems 
the number of free concentrations f, is equal to the number of fully mobile components, 7,,, whereas 
the number of minerals of a constant composition in an equilibrium association is equal to the number 
of inert components n;: 
n Sethe = Nm; P =n—fe Ss hin ee 

The number of mobile components is obviously equal to the difference between the total number 
of components and the number of minerals. Thus in the extreme case of a complete absence of solid 
solutions, after having determined the number of minerals in the equilibrium association and the 
number of elements present in them, we might establish what number of these elements behaved in 
a fully mobile manner during the formation of the rock. 

In the general case of the presence of minerals of a variable composition we have: 

fo >Mms P <j Mm <n — ps p =n; — figs 
i.e., the maximum number of minerals in an equilibrium association is equal to the number of inert 
components and does not depend on the number of fully mobile components. 

As may be seen from the above formulae, in using the phase rule one may neglect the presence of 
fully mobile components in the system, simultaneously decreasing both the number of components 
and the number of free concentrations. In a similar way, in a graphic analysis of the dependence of 
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the mineralogical composition on the chemical composition it would be sufficient to consider only the 
inert components if a set of rocks or ores is studied, which have been formed under constant conditions 
of temperature, pressure and concentration of the incoming solutions. As a matter of fact, independent 
variations of the composition are possible only with’respect to the inert components, and the mineral- 
ogical composition is a function of the ratio of inert components, the above-mentioned external 
conditions being constant. 

The contrast, just considered, of the behaviour of inert and of fully mobile components should be 
displayed not only in ideal half-open systems, fully closed for the inert components. This contrast 
should exist also in more natural systems in which all the components are mobile but in a various degree. 
Due to the differential mobility of the components, a complete equalization of the activity in the rock 
with that in the incoming solutions at first occurs only for the most mobile components. For the less 
mobile components while displacement may take place, still there are retained variations in the initial 
composition which are not related to differences in the composition of the incoming solutions. 
Generally speaking, if a system ceases to be ideally closed for inert components and their content begins 
to change, this brings about at first only a change of the relative amounts of phases and a change in 
their composition, without producing any changes in the number of phases or their type, i.e., without 
disturbing the inertness of the behaviour of such components in the sense considered above. 

A special case is presented by a fully mobile component, the concentration of which is maintained 
by the external conditions on a level of saturation which makes possible a precipitation of this 
component in the pure state or in combination with other fully mobile components. Such a concentra- 
tion is obviously not a free but a fixed one, and hence the possible appearance of an additional phase 
does not conflict with the phase rule. The fully mobile behaviour of such a component is expressed 
in the fact that depending on a slight change in the conditions, e.g., pressure, a significant precipitation 
or dissolution of such a component is possible. Such components may be designated as excessive 
fully mobile ones. An example of these in the course of low-temperature hydrothermal processes is 
furnished by silica and calcium, when quartz and calcite are removed from the wall-rocks and deposited 
in fissures in the form of veins. Thus fully mobile excess components, as distinguished from other 
fully mobile ones, may affect the number of co-existing minerals, namely, in that particular case when 
they are precipitated as independent minerals. 

For many years the author has been studying the regularities of the mineral associations, particularly 
in metasomatic rocks. These empiric observations have led him to the idea of a fully mobile behaviour 
of a part of the components of any mineral system. The importance of this principle has been 
demonstrated in a number of the author’s studies concerning metamorphic, metasomatic and, to some 
extent, magmatic rocks. 

As an illustration of the application of the phase rule to natural semi-open systems we shall 
consider one of the diagrams obtained by the author in the course of a study of the paragenesis of 
minerals in the metasomatic rocks of the Archaean “‘ Aldan-Slyudyanka ” complex of East Siberia. 
In the zones of most intensive metasomatism a number of components behaves in a fully mobile way, 
namely, in the order of decreasing mobility: H,O, CO;, S, SOs, Cl, K,0, Na,O, F, CaO, O,, Fe. The 
constancy of the activity of these components is retained for metasomatic rocks of entire deposits, 
for the less mobile of the above-listed components a distinct dependence of activity upon the average 
composition of the wall-rocks being manifested: the richer the enclosing rocks in iron and calcium, 
the higher the activity (concentration) of these elements in the solutions producing metasomatism. 
Near marbles calcium behaves as an excessive fully mobile component; it is deposited as calcite in 
fissures and in a disseminated state in those silicate rocks the replacement of which is accompanied 
by decrease in volume. The activity of other mobile components for the belts of the most powerful 
manifestation of metasomatic processes shows a striking constancy, so that it is possible to speak of 
the definite composition of post-magmatic solutions, normal for this Archaean complex of rocks, 
as far as these more mobile components are concerned. The diagram in Fig. 1 shows the dependence 
of the mineralogical composition of metasomatic rocks, of the rocks of phlogopite deposits in 
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- particular, on the ratio of the inert components Mg-Al-Si, with a composition of solutions normal for 

the Aldan-Slyudyanka complex, with an excess of calcium and with a low concentration of iron. 

It should be noted that the parageneses shown in this diagram are observed not only in the phlogopite 

deposits of Siberia but also in other Archaean phlogopite deposits, e.g., those of Canada and 
Madagascar. 
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Fic. 1.—Example of a composition-paragenesis diagram, equipotential with regard to a number of fully 
mobile components (written after the symbol of full mobility|+). Calcite in excess. 


CORUNDUM 


The diagram shows that the ratio of the three inert components determines the content of the 
series of fully mobile ones. Thus, potassium may enter only into the composition of orthoclase or 
phlogopite, water only into the composition of phlogopite, the sulphate group, only into that of 
scapolite, i.e., these components enter into the composition of a rock only depending on the ratio 
of inert components in it. The ratio of inert components—aluminium, silicon, magnesium—depends 
on the content of these elements in the original rock, whereas the content of the fully mobile elements 
depends not on their initial content but on the ratio of the inert components, as well as on the 
temperature and the concentration of the solutions. A change in the concentration of the solution 
leads to a change of our diagram. Thus, with a higher concentration of iron in the solution, instead 
of the diopside + scapolite -- phlogopite association hornblende appears. With a decreasing concentra- 
tion of potassium, the association of spinel with diopside becomes possible, etc. 

As shown in our diagram, the compositions of phlogopite, pyroxene and scapolite vary within a 
rather narrow range. Let it be supposed first that the composition of these minerals is constant, 
ie., for each of these minerals it is shown by a point, just as for the other minerals in the diagram. 
Then any composition of the rock with an independent (occasional, arbitrary) ratio of the inert 
components will be represented by a point, lying inside one of the three-mineral triangles of the diagram, 
and the rock must be composed of three corresponding minerals. A coincidence of the point of an 
independent rock composition with the point of the composition of one of the minerals or with the 
two-mineral line of the diagram is excluded as an improbable one. Hence, any rock of this system 
within a given metasomatic facies must be composed of three minerals in accordance with the number 
of inert components in it (p = n)). 

Since some of the minerals are of a variable composition, as shown in the diagram, the point of 
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an arbitrary composition of a rock may fall not only into a three-mineral but also into a two-mineral 


or a one-mineral field. The number of inert components here is equal to the maximum number of 
co-existing minerals (p<n,). A decrease in the number of the co-existing minerals accordingly 
increases the number of freedom degrees for the concentration of the inert components in the minerals 
(p =n, —f,;). However, these concentrations or activities, i.e., intensive parameters, are not inde- 
pendent but depend on occasional ratios of the amounts of inert components, that is on extensive 
factors. Thus, when minerals of a variable composition are present, in order to establish the number 
of inert components a study should be made of a set of rocks formed under the given conditions 
(in the given facies of metasomatism), the maximum number of minerals being determined. 

If there is a diffusion of inert components, monomineral and bimineral rocks are formed even when 
the composition of minerals is a constant one. The theory of these phenomena has been discussed 
by the writer elsewhere. In particular the above-mentioned phlogopite deposits are formed at the 
expense of a diffusion interaction of dolomites and aluminium-silicate rocks in zones of an intense 
action of solutions, when the parageneses of the above diagram are realized. The reacting rocks are 
separated by zones of bimineral and monomineral rocks (diopside-scapolite, diopside phlogopite, 
diopside), three-mineral parageneses of our diagram being realized at the junctions of these zones. 

In this way, when studying a series of rocks altered under conditions of one ‘“‘ metasomatic 
facies” we may establish the number of inert components, primarily from the maximum number of 
minerals. Next one should establish what components behave in an inert way. In doing this one 
starts from the fact that the content of inert components depends on the initial composition of the 
rock and not on the composition of the solutions, while the ratio of inert components definitely 
determines the content of all fully mobile components. As to the activity (concentration in the pore 
solution), for inert components it may vary from point to point, while for fully mobile components 
the activity is constant for the entire facies. 

With any metamorphism or metasomatic action of solutions upon rocks a differential mobility 
of elements or oxides is displayed. In any given facies one part of the components displays inertness, 
while the others behave in a fully mobile manner. The more intensive the action of the solution, the 
greater the number of components passing into a mobile state, with a decrease of the number of inert 
components. By studying the set of such facies we may establish the series of decreasing relative 
mobility of elements and oxides. In any given process the less mobile components of this series behave 
inertly, whereas all the preceding more mobile components behave in a fully mobile manner. 

Such is the fundamental principle of the method of establishing the relative mobility of components 
on the basis of an analysis of the paragenesis of minerals by means of the phase rule. This method 
has been developed by the author during several years, with a detailed study of the different geological 
complexes. The details of the method need not be discussed here, and only some of the inferences 
will be considered. 

It has been found that the contrast of inert and mobile components is displayed not only in 
metamorphic but also in magmatic processes, when a number of components (water, potassium, 
sodium, etc.) behave in a fully mobile manner, as has been shown by the writer for granitoid rocks. 
This accounts for many peculiarities of magmatic rocks and processes. 

The data obtained on the relative mobility of components will be considered next. Since mobility 
depends mainly on the solubility, it might be expected that the mobility series would sharply change 
for many reasons—depending on temperature, pressure, composition of solutions, composition of 
rocks. But it has been found that the relative mobility is determined essentially by two factors— 
the temperature stage and the depth, while the influence of the other factors has not been ascertained 
and seems to be insignificant. This points to a uniformity in the composition of ascending salutions. 
The mobility series obtained by the writer will be cited. ists 

The “‘ Aldan-Slyudyanka ” Archaean gneissic complex of Eastern Siberia, enclosing phlogopite 
deposits, is one of the most abyssal complexes of the Earth. It is characterized by a development of 
hypersthene gneisses and a complete instability of wollastonite and grossularite, with regard to 
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depth being an analogue of the oldest Archaean gneisses of Canada, South Africa, Australia, etc. 


Here the writer has established for the high-temperature processes the following series of decreasing 
mobility: H,O, CO,, S, SO;, Cl, KxO, Na,O, F, CaO, O,, Fe, P,O;, BaO, MgO, SiO,, Al,O;, TiO;. 

As an example of hypabyssal formations may be cited the eroded Devonian volcanic complex 
of the region of the well-known Tuhrya skarn copper deposits in the northern part of the Urals. 
The intrusive granitoids of this region, with which metamorphism and mineralization are associated, 
are closely related genetically to the invaded volcanic series, i.e., their intrusion occurred at a shallow 
depth. For the high- and medium-temperature metasomatic processes the author has established here 
the following mobility series: 

H,O, CO,, S, K,O, Na,O, O., MgO, Fe, CaO, SiO,, P,O;, Al,O3, TiO3. 
For the low-temperature processes the following series has been established: 
H,O, CO,, S, K,0, Na,O, O,, Cu, SiO,, CaO, MgO, Fe, P,O;, Al,O;, TiO. 

The studies carried out have shown that these series have a general significance for different 
formations of the corresponding depths. 

At this point a survey of the behaviour of different oxides and elements during metamorphic, 
magmatic and post-magmatic processes will be made. ‘ 

Water and carbon dioxide behave in a fully mobile way during any metamorphism, their activity 
being maintained on a constant level depending on temperature and for carbon dioxide sharply 
increasing with depth. Potassium and sodium are inert in the so-called “ normal’ metamorphism 
but fully mobile during any metasomatic process, as well as in processes of migmatization and 
granitization and during the crystallization of magma. The equalized concentration (activity) of 
potassium and sodium causes a uniformity of the mineralogical composition in migmatization haloes 
and in igneous rocks. Local increases of this concentration call forth the appearance of alkaline types 
of igneous rocks. 

Oxygen has a limited mobility, particularly under more deep-seated conditions. This is accounted 
for by its insignificant concentration in magmas and in post-magmatic solutions, particularly at 
depth. Its inertness is displayed, for instance, in that both ferric and ferrous iron usually behave as 
independent components, with the exception of the more intensive metasomatic processes. It is of 
interest to note that while the mobility of oxygen is small and that of carbon quite insignificant 
(when it is present in the form of graphite), their compound carbon dioxide has a high mobility. 
This indicates a high concentration of carbon dioxide in natural solutions with a low concentration 
of its components, i.e., a weakness of its dissociation. Thus the study of mobility enables us to judge 
about the associated or dissociated state of substances in natural solutions. By this method we arrive 
at the conclusion that in solutions we have to do not with groups corresponding to separate minerals 
but with elements and oxides, probably in an ionized state. 

Calcium in abyssal gneissic complexes has a considerably greater mobility than under shallow- 
depth conditions. This is obviously related to the above-mentioned increase in the carbon dioxide 
concentration with depth, which must increase the solubility of calcium. The mobility of calcium 
increases also with the falling temperature. 

On the contrary, the mobility of iron sharply diminishes with a drop of temperature. At high 
temperatures, namely during the formation of andradite skarns and contact magnetite rocks, iron 
migrates on a huge scale. But during low-temperature processes iron is inert and is subject only to a 
restricted displacement in fracture zones, being removed from certain parts and forming accumulations 
in others. The mineralization with a formation of iron-bearing sulphides (pyrite, chalcopyrite, 
arsenopyrite) very often proceeds at the expense of the local inert iron, without any supply of iron 
from outside, e.g., in disseminated “‘ porphyry ” ores, or at the expense of iron supplied previously, 
during the high-temperature stage, as is the case in some skarn deposits. The large scale precipita- 
tion of magnetite from solutions in contact deposits seems to be partly due to a decrease in the 
solubility of iron with a drop of temperature. 

Magnesium at shallow and medium depths has a significant mobility. Phenomena of magnesia 
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metasomatism in the sulphide deposits of Scandinavia, probably associated with medium depths, 
were established by P. Eskola and described by a number of workers. But the peculiar ore quartzites, 
cordierite-anthophyllite and other rocks, formed here, are rather unusual and the conditions of their 
formation are not quite clear. More widely known is an extensive migration of magnesium during 
the formation of skarn zones, when magnesium always behaves in a fully mobile manner. The 
extensive development of iron-magnesia clinopyroxenes is here independent of the presence or absence 
of magnesium in the adjacent limestones. But in the normal contact aureoles, too, a full mobility of 
magnesium is often displayed, resulting in a widespread but usually overlooked magnesia metasomatism, 
with the formation of hornfelses, very rich in biotite and amphibole. The uralitization of augite- 
plagioclase rocks too is generally accompanied by a supply of magnesium, the mobility of which is 
very common for post-magmatic processes. Unlike calcium, magnesium becomes less mobile with 
depth, so that their mutual arrangement in the mobility series sharply changes with depth. In the 
most abyssal Aldan-Slyudyanka gneissic complex, in spite of the intensity of the high-temperature 
metamorphism, magnesium does not anywhere behave in a fully mobile manner, while its local 
migration is observed only at contacts with dolomite, for instance during the formation of phlogopite 
deposits, as mentioned above. It is evidently the case of a low solubility of magnesium in deep-seated 
solutions, but the possible causes of this are not known. 

Silica is highly mobile in low-temperature processes, when quartz veins and silicified rocks are 
readily formed. But in high-temperature processes it shows considerable inertness, and its migration 
is observed only at contacts of the rocks which are chemically not in equilibrium. Here a local migra- 
tion of silica, mainly a diffusional one, takes place, as, e.g., when skarns are formed. High-temperature 
quartz bodies, associated with certain pegmatites, greisens, etc., are formed mainly at the expense of 
a removal of other components from acid rocks, and not at the expense of a supply of silica by 
solutions. It seems that the solubility of silica in the high-temperature solutions was low but that it 
increased with a drop of temperature. Hence it follows that the formation of common hydrothermal 
quartz veins could not have proceeded at the expense of a supply of silica from the cooling magmatic 
chamber, and could occur only at the expense of a migration of the silica of wall-rocks. = 

The low mobility of alumina is generally known. In the course of the most intensive metasomatic 
processes alumina not infrequently still retains inertness, when the other principal rock-forming 
elements have already passed into a fully mobile state. Under such conditions there are formed, for 
instance, at vein contacts monomineral wall-rocks composed, depending on the temperature and 
concentration of the fully mobile components, of one of the following aluminium silicates: albite, 
adularia, muscovite or sericite, chlorite, tourmaline, epidote, etc. 

The most inert of all the common elements is titanium. It remains an inert component in alk 
magmatic and metasomatic processes, with the exception of the processes of complete silicification, 
when it begins to be removed next to alumina. Due to such an inertness of titanium, its content may 
be used as an important criterion in determining the origin of a metasomatic rock (e.g., to distinguish 
skarns which have replaced limestones and an igneous rock). 

The mobility of elements determines their behaviour in geochemical processes. The activity of 
inert components increases as the crystallization of magma proceeds, until they begin to segregate as 
separate minerals or entering into the composition of other minerals; the content of inert elements in 
an igneous rock therefore corresponds to their content in the magma. The activity of mobile elements 
does not increase to such a degree as the crystallization proceeds because of their diffusion and removal 
with the solutions. Hence it is possible for them not to take part in the composition of the igneous 
rock but to be deposited within a certain distance from the magmatic chamber. Titanium, zirconium, 
phosphorus are examples of inert components constituting the accessory minerals of igneous rocks; 
manganese, silver, gold, mercury are examples of extremely mobile elements of the magma. 

A systematic analysis of the parageneses on the basis of the phase rule is an efficient method for 
studying the geochemical mobility of elements, which throws light also on problems of the composition 
and state of natural solutions and other peculiar features of geochemical processes. 
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TIPABHJIO ®A3 HW TEOXHMMNUECKAA 
MOQBIMDKHOCTB IJIEMEHTOB 


yl. C. KOPXKHHCKHH 


Onuoii 43 OCHOBHBIX 3afau reOXHMMM, 0 yueHHIO pycCKHXx akaflemuKoB B. MW. Bepwayckoro u 
A. E. ®epcmana, aBiaeTCA usyueHHe reoxumMMuecKOli MurpalMu semeHToB. Ilostomy reoxumu- 
yecKa NOJBYOKHOCTH T.€. CMOCOOHOCTS 3JIEMEHTOB MH OKHCJIOB MHTpHpoBaTS (MepeMelaTECA) pH 
TIPHpOAHbIX Impolleccax oOpasoBaHHA HM H3MeHeHHA TOPHbIX Mopoy MU py, ABJIAe€TCH BayKHbIM 
TeOXHMMYeCKHM Mx CBOlcTBOM. IloqBMwKHOCTB [JIA pa3HbIX KOMMOHEHTOB BeCbMa pa3JIMuHa UM 
CBA3aHa TIaBHbIM OOpas0M C paCTBOPHMOCTHIO JaHHOrO KOMMOHeEHTa B MIPHPOJHbIX 2KHKMX pact- 
BoOpax, MPHCyTCTBHe KOTOPbIX HeOOXOAMMO AIA OOpas0BaHHA MUHepasioB, No KpaliHelt Mepe CHJIM~- 
KaTOBbix. Ho, KpoMe Toro, HMeeT 3Ha¥UeHHe CIOCOOHOCTh KOMNMOHeEHTa uddyHAMpoBaTb u 
CTIOCOOHOCTS HpOcauMBaTECA C PACTBOPOM Yepes NOPbI TOPHbIX OMpoy (PubTpalMoHHbIM sddext). 


IIpu u3yueHHu reoxHmMiueckol NOABYKHOCTH 3JIEMeHTOB OCOOeHHO OosIIoe 3HAUCHHE MMECeT 


CHCTeEMATHUECKHM aHasIu3 3aKOHOMepHOcTeli accoljMalluM MHHepasIOB Ha OCHOBe IIpaBusia das. 


TIpasuno cbas 66ca, Kak M3BeCTHO, TaeT CBA3b M@*Ky UMCIIOM KOMIOHEHTOB N, UHCJIOM a3 
Pp M uMcyIOM cremeHei cBoO0y B paBHOBecHOM cucTeme: 

ftp=n+2 

K M¥HepasIbHbIM accolMallu#amM TOpHEIx Noposx mpaBysio das BHepBbIe ObIIO MpHMeHeHO B. 
Tonpyuimugtom (1911) B ynponjeHHom Bue ,,MuHepamormueckoro mpaBuia dbas‘‘ (p Sn). C Tex 
lop mpaByso das WpoOuHO BOWWIO B NeTporpaduro HW HCMOb30BaI0Cb MHOrHMM aBTopaMu JIA 
ycTaHOBJICHHA PAaBHOBeCHOCTH WIM HepaBHOBeCHOCTH MMHepasIbHbIX accolMalMli B TOPHbIX Mopoyax 
M Kak OCHOBa JIA rpadwueckoro aHamH3sa H M300paKeHHA paBHOBeCHbIX accolmmalMii TOPHbIX 
nopoy. 

Ho, KpoMe Toro, mpaBHsio (a3, Kak OKa3bIBaeTCA, MO2KeT ObITh MCHOJIb30BaHO yCTaHOBJIeHHA 
OTHOCHTeJIBHOM NOBWKHOCTH 9JIEMCHTOB, K UCMy MBI M4 OOpaTUMcA. 

@u3uko-xHMHuecKHe TapaMeTpbI WIM BeIMUMHbI, XaPaKTePpH3yIOUHe COCTOAHMe CHCTeMBI, 
MOIyT ObITb pa3feJIeHbl Ha HHTCHCMBHBIe HW 9KCTCHCHBHbIe. IlepBbie He 3aBHCAT OT MAaCC OTIICJIBHBIX 
cas B CHCTeMe WIM COOTHOLWMIeHHA STHX Macc, a BTOpbie saBucat. K daKropam HHTeHCHBHOCTH 
OTHOCATCA TeMIIepatypa, aBJIeHHe, KOHICHTpallwH KOMMOHEHTOB B dbasax. K dbakropam 9KCTeH- 
CHBHOCTH OTHOCATCA Cojjep»KaHHe Telia B CHCTeMe, ee 00’ beM, COJep»KaHHA KOMIOHEHTOB B CHCTeMe. 


IIpasuno das Tu66ca npHuumaeT BO BHUMaHHe TOJIbKO MapaMeTpbI MHTeHCHBHOCTH. Unc0 
He3aBUCHMbIX lapaMeTPOB MHTCHCHBHOCTH, T.€. UMCIIO CTeleHeli cBoOomnI f, cormacHo sTOMy IpaBHry, 
paBHo (n-++ 2—p). KakoBo 2xe oOulee uMCIIO He3AaBHCHMbIX MHTCHCHBHbIX H 9KCTCHCHBHbIX 
llapaMeTpoB B cucteme (f; + f,)? Ecsm mb 3aqaqum CHcTemy Mp mMomMoMyH BCex ee HesaBHCHMBIX 
WHTCHCHBHBIX Napamerpos f; = n + 2 — p w WoOaBHM crofa elle MaCcbI KaxKOli 3 (has, T.e. p 
He3aBMCHMbIX IKCTCHCHBHBIX lapaMeTPOB, TO, OUEBHIHO, CHcTemMa OyeT BHOMHE oMpeyesena, npu 
OOMJeEM UMCIO HesaBHCHMBIx Napametpos f; + f, = (n+ 2—p)+p=n-+ 2. HUrax, oduee 
UHCIIO H€3ABHCHMbIX MapaMeTPOB CHCTeMbI, HHTCHCHBHbIX HM 9KCTCHCMBHBIX, H€ 3aBMCHT OT 4NCIAa 
ba3 B Hel, a TOJIbKO OT UHCIIa KOMMOHEHTOB, HMEHHO 9TO UMCIO Ha WBa OobIIe UNCIa KOMMOHEHTOB 

B oTHomlenuu adcrpakTHOi PUu3sHKO-xHMHUYeCKOH CHcTeMbI Oespa3IMUHO, KaKHe U3 NapamMeTpoB 
‘CUHTaTh He€3aBHCHMbIMH, a KaKHe 3aBHCHMbIMH: Oe3yCJIOBHbIM ABJIACTCA TONBKO OOIee UHCIO 
He3aBHCHMbIX HapamMeTpoB. MbI MoxKeM MPHHATh He3saBHCHMbIMH OHH OKCTCHCHBHBIe cbakTOphl, 
3ajjaB CHCTeMy MaCcaMH Ka? J{OrO H3 N KOMMOHEHTOB, OOMIUM OO bEMOM H TeILIOCOep>KaHveM CHCTeEMBI, 
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T.e. = 2 9KCTeEHCHBHBIMHM MapaMetpamu. ‘Torga BCe OCTaJIbHbIe SKCTCEHCHBHbI€ HM MHTCHCHBHBIe 
TlapamMeTppbi OyqyT yHKIWAMH BCATBIX He3aBHCHMbIxX TlapameTpoB. Ho MbI MO?KeEM UaCTb SKCTEH- 
CHBHBIX (aKTOPOB 3aMeCHHTb COOTBETCTBYIOU[MMH WHTCHCHBHBIMM, T.e€. BMECTO O6BeEMa CHCTEMBI 
3aaTb WaBJICHHe, BMECTO TelIOcOsep»kaHuA CHCTeEMbI—TemMepatypy, BMecTO COjlepyKaHHA KOMIIO- 
HeHTa B CHCTCM€—KOHIeHTpallMio ero B OHO 43 thas WIM 2Ke AKTHBHOCTS WJIM XMMHMUCCKHM NOTeH- 
lal ero B cycTemMe. OjjHaKO UMCIIO HesaBHCHMBIX (bakTOpoB MHTeHcuBHOcTU f; He MOMKeT 
TIpeBblwaTb uucua n + 2 — p, Tee. 


f; = 3 if =n+2 
f,;Sn+2—p 
Dass les Do ek 
Ho B KOHKpeTHBIX CHCTeMax COCTOAHHe 3aflaeTCA BIOJIHe ONpeseJICHHBIMH (bakKTOpamMu HW UOTOMy 
pasjesieHve llapaMeTpoB Ha He3aBHCHMbIe HM 3aBHCHMblIe TEPACT CBOIO IIPOM3SBOJIbHOCTb, CTAHOBUTCA 
OJHOSHAUHBIM. Hekoropble MapamMeTpbI TaloTca BHeIUHUMM yCIOBHAMM Mporecca WIM MCXO/{HbIM 
COCTOAHHEM CHCTEMEI; TaKHe ,,H3BHe-3a]JaHHble ‘ WapaMeTpbI, He 3aBHcALue OT (PU3HKO-XHMMUeCKHX 
CBOHCTB JjaHHOH CHCTeMbI, BCerja ABJIAIOTCH, KOHCUHO, He€3aBHCHMBbIMH (pakKTOpaMH paBHOBecHsA. 
Bemmunna pyrux, 3aBUCUMBIX, MapaMeTPOB OCTaHaBJIMBaeTCA Ha YPOBHE, 3aBHCALeM Kak OT (PU3HKO- 
XHMMMUECKHX CBOHCTB J[aHHOM CHCTeMbI, TaK HM OT H3BHe-3aJaHHbIx daKTopos. Jina nmonumaHusA 
TIpHpogHoro TWpolecca, MpHBeywIero K TaHHOMy COCTOAHHIO pa3HOBeCHA, OUeCHb CYyLIJeCTBeHHO 
yCTaHOBJIeHHe SKCTCEHCHBHOrO HWJIM MHTeCHCHBHOrO xXapakTepa BHelWHHX (bakTOPOB Mporecca U B 
9TOM OTHOMMICHHH MO?KET NOMOUL TIPHMeHeHHe MpaBwia cas. 


B mpoueccax o0pa30BaHHAl MMHepasIOB HM TOPHbIX MOpos B 3eMHOM KOpe, B CHJIy BO3MO?KHOCTH 
auddy3va tTemia 4 u3sMeHeHHA OObeMa, BHeIIHHMM (hakTOpaMH ABIIAIOTCA He 9IKCTCHCHBHBIC 
lapaMeTpbI—Tel1ocoylep»KaHHe HM OObeM, a, KaK UpegsnonoHuI B. TonpawimuyzT, HHTeHCHBHBIC 
llapaMeTpbI—Temilepatypa M yaBseHue. Tem caMbIM, JJIX KaoKQOii paBHOBeCHOM MMHepaJIbHOl 
accolMallMl UMcJIO He3aBHCHMBbIX MHTCHCHBHBIX NapaMeTpOB NOHWKaeTCA Ha [[Ba, OTKya HW Nosyuae 
»,MMHepasioruueckoe mpaBuyo das‘ Tonpyuimugta (p Sn). Ilpaxtuxa npumenenua npaBua 
bas K TOpHbIM oposzam BOHeE oNpaBsana WomyujeHue B. Tonpquimuyra o TemMiMepaType u 
WaBJIeHHM Kak He3aBHCHMbIx (bakTOpax MHHepasoobpa30BaHHaA. 


UtTo KacaeTcA cocTaBa TO B 3aKPbITOM cCHcTeMe OH, OUCBHHO, OlpefeyiaeTCA OJHHMM 9KCTCH- 
CMBHbIMH (dbakTOpaMu—cojylep»KaHHeM KOMMOHCHTOB B HCXOQHOM cocTosHHH. Ho BOo3MO7KeH 
cylyuaii, Koryja TOKO JIA YaCTH KOMMOHEHTOB Cojlep»KaHHe B KOHCUHOM PaBHOBeCHOM COCTOAHHH 
CHcTembI OyjleT 3aBHCeT OT HCXOHOFO cOseprKaHHA, TOra KaK JIA OCTAJIbHbIX Coyjep»KaHue OyjeT 
3AaBHCeTbh OT 3a{aHHOM KOHI[CHTpallM 9THX KOMHOIICHTOB B IIPHTeKAaIOWeM pacTBOpe WIN BOOOLIe 
OMpeeIATBCA AKTHBHOCTBIO 9THX KOMMOHCHTOB BO BHellHelt cpege. CylefqoBaTesbHO, 0000HO 
TOMY Kak TeIWIOBOL perxKHM CHCTeMbI MO?KET ObITh OOYCIOBJICHHbIMU B OJHUX CJlyuadxX MOCTOAHHBIM 
cojylep>KaHvem Teria (CHCTeMbI C TeMIOBOM H30NAqMeH), a B Pyrux Cilyuanx TeMlepaTypow OKpy- 
2Kalolel CpeybI, Tak WM COfepxKaHve JJaHHOrO KOMMOHEHTA B OJHHX CilyuadxX MO?KET OBITS OOyCJIOB- 
JieHO TlepBHUHbIM coyjep»KaHHeM, a B [[Pyrux CJlyuadX AKTHBHOCTHIO efO B OKpy?Kaloujel cpeze. 
Jleno ufeT, CileqOBaTesIbHO, B IOJIYOTKPbITbIX CHCTeMaX, 3€MKHYTHIX JIA ODHMX MW OTKPbITbIX [IA 
JIpyr'ux KOMIIOHEHTOB. 

B na6opaTopHu MbI BCTpeyaeMcA C MOIIYOTKPbITOM cucTemMol, HalIpHMep, IPH MpokasIMBaHun 
HeJIeTYUHX BeIJECTB B OTKPbITOM Turse. Cojlep»KaHve 9THX BelljecTB B THIJIe He H3MeCHACTCH, 
Torga Kak Cojjep»KaHve KMcIOpoya MU a30Ta TIA PaBHOBECHBIX COCTOAHMM OyyeT 3aBHceTb He OT 
IlepBHUHOrO UX COs[ep»KaHHA B THIJIe, a OT JaBIeHHA HX B AaTMOC*epe M OT XapakTepa HM Coyep- 
2KaHHA HeJIeTy4HX BeljecTB B Turse. Jipyrum mpHMepomM ABMIAeTCA MemOpaHHoe (OcmMoTHUECKOe) 
papHonecue. JIIpu mpupoyHbrx mporeccax oOpasoBaHHA M M3MeHeEHHA NOpOf MOJIYOTKPbITbICe 
CHCTEMbI OCyIIeCTBIIAIOTCA OaroqapA TOMY, UTO HEKOTOPbIe KOMIOHECHTHI IIOXO PaCTBOPHMEI B 
BOSJeHCTBYIOWIUX Ha NOPOAbI BOAHbIX pacTBOpax, a NOTOMYy He MepeMelijakoTcA, Tora Kak J[pyrHe 


XOPOIIO PpacTBOPMMBI, xopolo AudiyHAMpyIOT uepes pacTBOpP WIM XOpOLIO NpOcauMBaloTCA BMECTE 
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C pacTBOpoM uepes SOKOBbIe MOPOAbI, a NOTOMY MX AKTHBHOCTS B TOpHOH Nopoye MOJDKHAa COOTBET~- 
CTBOBaTb TaKOBOM B IIpHTeKarIoljeM pacTBope. 

KommoHeHTHI, KOTOpble Mp mpoleccax aHHorO TuMa He M3MeHAIOT CBOerO CO/ep?KaHHA, 
Ha3OBeM ,,BIOJIHe MHeEpTHbIMM’‘ Mp aHHbIx mporeccax. KommoHeHTbI, coyjep»kaHHe KOTOPBIX 
He 3aBMCHT OT HepBHUHOFO: copepr»KaHHA, a ONpeseNAeTCA AKTHBHOCTHIO BO BHeLIHel cpeye (HampH- 
Mep, KOHIeHTpalweii B IPHTeKAaIONMx pacTBOpaXx), Ha30BeM ,,BMOJIHe NOLBHKHBIMU* IPH aHHOM 
Tulle IIpoljeccoB. OTO 7Ba KpaiiHux UyeaIbHbIx cyuaa. Ho nocefyouve BbIBOAbI NPHMCHUMBI 
MW K TaKMM Ooslee ECTECTBCHHbIM CJIyUaHM, KOra HHEPTHbIe KOMMOHCHTbI MOryT HECKOJIBKO MCHATb 
cBOe coylep»KaHue, OJHAKO He B TaKOM cTeMmeHU, UTOOBI OTCTyMIeHHe OT MfeaIbHOH MHeEPTHOCTH 
NpHBeNO K H3MeCHeHHMIO THIIA WIM UNCIO cdba3 B paccMaTpHBaeMOH CHCTeMe. 

Ilpunaraa mpaBuso (bas K MMHepasIbHbIM aCCOlMallMAM, MbI BIIpaBe B KauecTBe (pas paccmaTpH- 
BaTb TOJIbKO MMHepasibl, XOTA HECOMHEHHO, UYTO OOpas0BaHve HM M3MeHeHHe TOPHbIX Nopoy, Mo 
KpaitHeli Mepe CHJIMKAaTOBbIX, MPOHCXOTHIIO MIpH yuacTHM Tex WIM MHbIX PaCTBOPOB, 3aTeM y/aJIMB- 
WIMXCA. 

Or6pocuB aBe cremeHu CBOOO]bI, CBASaHHbIe C M3BHEe-3a]aHHbIMU TemMMepaTypoH UM WaBsIeHHemM, 
MbI NOJIYUHM WpaBuo cas B CHeMyOulem Buse: ‘ 

p=n—f, 
rye f,—oOosHayaeT UNCIO HesaBHCUMBbIx (CBOOOJHBIX) KOHIeHTpaywH KOMMOHeHTOB. Uncs0 
MHHepasIOB B PaBHOBECHOH accolMalluu paBHO, TaKHM O0pa3s0M, UMCIIy KOMMOHCHTOB MHHyC UHCIIO 
CBOOOTHBIX KOHIeHTpayuit. Onako, B KOHKpPeTHBIX CJIyuanx TONbKO uactTs f,,, 13 ITHX CBOOOHbIX 
KOHICHTpallii MeHAeTCA JeHCTBUTeIbHO HesaBHCHMO, IIpecTaBiaa coOoH H3BHe 3ajaHHbIe KOH- 
WeHTpalliv BMOHE NOABYKHBIX KOMNOHeHTOB. JIpyraa uacts f,; sTO uMCcIIO creneHel cBOOoOm Tex 
BO3MO?KHBIX BapHalii cocraBa MHHepasIOB, KOTOpble 3aBHCAT OT BapHalluli coyjepykaHHA MHEPTHbIX 
KOMMOHCHTOB B CHCTeMe H NOTOMY He ABJIAIOTCH He3aBHCHMbIMH. Bo3MoxKHbI CHCTeEMbI MHHEpasIOB 
NOCTOAHHOrO cocTaBa, He J{OMyckKarolyjero BapHalluli B OTHOWeHHH paccMaTpHBaeMbIX MHePTHbIxX 
KOMIOHeEHTOB. JJId TakHxX CHCTeM 4HCIIO CBOOOMHbIX KOHIeHTpalmii f, paBHO uMCcIy BMouHE 
NOJBWKHBIX KOMMOHCHTOB N,,, TOra KaK GHCHO MHHEpanoB NOCTOAHHOYO cOcTaBa B paBHO- 
BeCHOM accOlHaluH paBHO UHMCIy HHEPTHBIX KOMIOHEHTOB N;: 
n=1 +n f=. P= oT = 1) fp. 
Uncno NOABWWKHbIX KOMIOHCHTOB PaBHO, OUCBUHO, pasHOCTH MEK OOMMM UMCIIOM KOMMOHEHTOB 
M UMCJIOM MMHepasioB. ‘Takmu o0pa30M, B MpeyesbHOM CJITyuae MOJIHOrO OTCYTCTBHA TBepAbIx 
PacTBOPOB, ONpeyeHB UNCIO MUHepasIOB B PpaBHOBeCHOM accolMalluH M YMCIO MpHcyTCTByIOWIMXx 
B HX SJIEMCHTOB, MbI MOTJIM ObI yCTAHOBHTb, KAKO UMCIIO M3 ITUX BIEMEHTOB BeIO ceOa MpHoOpa3zo- 
BaHHA MOpObI BIOJIHE NOJBYKHbIM OOpa3som. 
B oOujem cilyuae MpHcyTCTBUA MMHEpasIOB WepeMeHHOrO COCTaBa MMeeM: 


fo. = Dade Dyes DS ONS —apsePp =e mypoehy 
T.€. M€AKCHM&@JIbHOeC GWHCIIO MHHeENAJOB B paBHoBecHoii acconHnannn paBHOoO GHCily HHeCpTHbIX 
KOMIIOHCHTOB HM He 3aBHMCHT OT 4UNCIa BUOHEeE NOWBHIKHSIX KOMMOHCHTOB. 

Kak BHO 43 MpHBeyeHHEIX (bopMysI, Ip MpuMeHeHHU MpaBusia (bas MOXKHO mpeHeOpeub 
HaJIMUHeM B CHCTeEMEe BIIOJIHE NOT BMWOKHbBIX KOMIIOHCHTOB, COOTBETCTBCHHO YMCHbINMB OTHOBPeCMeCHHO 
M UHCIO KOMNOHEHTOB HM YHCIO CBOOOTHBIX KOHUeHTpauMit. Touno Tak »ke uM mp rpadwyeckom 
aHajIv3e 3aBMUCHMOCTH MMHepasIOrHueCKOrO COCTaBa OT XHMMUCCKOLO JOCTAaTOUHO IIDHHATb BO BHH- 
MaHHe TOJIBKO MHEPTHbI€ KOMMOHCHTHI, CCIM M3syuaeTcAH cep MOpos uM pyo, oOpas0BaBIUIMxcaA 
IIpH H€M3MeHHBIX YCIOBHAX TeMIIepaTypbI, TaBICeHHA HM KOHIeHTpallM MpHTeKarollMx pacTBOpoB. 
JleiictButTerbHoO, H€SaBMCHMBIe€ BapWalliM COCTaBa BO3MO?KHbI TOJIbKO B OTHOMeCHHM MHCpTHbIX 
KOMIIOHCHTOB, H MUHEepasloruyeckuit COCTaB, IpH IIOCTOAHCTBE YKa3saHHbIxX BHCWIHHX YCIOBHH, 
ABJIACTCA (yHKUMeli COOTHOIMeCHHA HHEPTHbIX KOMIIOHEHTOB. 

PacccmoTpeHHaa TIPOTHBOIOJIOAKHOCTL B NOBECTCHHH MHCpTHbIx YM sBIIOJINEe MHCpTHbIX KOMIIOHCH- 
TOB TOJDKHA TPOABJIATBCA He TOJIBKO B MCasIbHbIX TOJIYOTKPbITbIX CHCTCMax, BIOJIHEeE 3aMKHVTbIX 
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B OTHOIJ¢HHM MHEPTHBIX KOMMOHCHTOB. OTA MPOTHBOMOIIOXKHOCTS JOJDKHA MMeTb MeCTO HB 6osIee 
€CTECIBCHHBIX CHCTeMaX, B KOTOPbIX BC€ KOMMOHEHTHI OOIafar0T TO{BYKHOCTBIO, HO B pa3vIMuHOit 
crenenu. B cumy gudbdepentManbHoli NOBWKHOCTH KOMMOHEHTOB, NOJIHOe BbIPAaBHUBaHMe 
aKTMBHOCTH B MOpoye C aKTMBHOCTbIO B IIPHTeKalOWJMx pacTBopax yclieBaeT MpousoliTH TOKO 
TWA HaMOosIee NOABYWKHEIX KOMIMOHeHTOB. Jd MeHee NOJBYOKHbIX KOMIOHCHTOB XOTA 1 MOryT 
MIPOHCXOAMTS epeMeleHHA, HO [JIA HHX elle COXpaHAIOTCA BapHalluu UcxO/{HOrO CocTaBa, He CBA3aH- 
Hble C pa3JIMuMAMM B COCTaBe IIpHTeKalouMx pacTBopoB. BooOmuje ropopa, ecmm upeanbHaa 
3aMKHYTOCTh CHCTeMbI JIA MHEPTHbIX KOMIIOHeCHTOB HapylllaeTcA M cOflepoKaHMe ux HaUWHaer 
U3MEHATHCA, TO 9TO IIPHBOAUT CHauasia K M3MCHCHMIO OTHOCHTCJIBHBIX KOJIMUECTB (ba3 HM K U3MCHeHHEO 
wx cocTaBa, 6e3 H3MeHeHHA UMCHa (a3 WIM UX TuMa, T.e. Oe3 HapylWieHuA UHepTHOCTU HOBeseHuA 
TaKUX KOMIIOHCHTOB B PaCCMOTPeCHHOM BBIIle CMBbICIIe 

OcoOnimi ciyuali MpefcraBIaeT BMOJIHe NOABWKHbIM KOMMOHEHT, KOHIeHTpaluia KOTOporo 
NOAWep»yXMBaeTCH BHCIUHHMM YCIOBHAMM Ha YPOBHe HaCbIMeCHHA, Mp KOTOPOM BO3MO?>KHO 
BbIlay[eHve STOO KOMMOHECHTa B UMCJIOM BUC WIM B COCMHCHHM C APyrumMu BOE NOABIOKHBIMU 
KOMMOHeHTaMM. ‘Taka KOHIeCHTpaljuA, OUCBMAMO, He ABJIAeTCA CBOOOWHOM, He CBA3aHHOM, u 
MOSTOMY BO3MO*KHOe MOABJICHHE JOMOMHUTeEIBHOM (asbI He IpoOTHBOpeuNT MpaBusty cba3. Boome 
TOTBYWKHOe NOBEAeHHe TAKOrFO KOMIIOHCHTA CKa3bIBaeTCA B TOM, UTO B 3ABMCHMOCTH OT HeOOJBINIOrFO 
H3MeHeHHA YCIIOBMM, HalIpHMep, aBJICeHHA, BOSMO?KHO SHAYMTeCJIbHOE BHIPeIeHHe WIM pacrBopeuue 
TaKOro KOMIIOHeHTa. ‘Takvie KOMMOHCHTbI MOryT ObITA OOpasoHaueHbI Kak ,,H30bITOUHBIe BIIOIHe 
nogpwxHple.“‘ II[pumepom ux Mp HU3KOTeMMepaTypHbIX TUPOTePMaNIbHbIX Mpoleccax MOryT 
CIIY2KMTb KpeMHe3eM VU KasIbljMi, Kora KBapll UW KaJIbIMT BBIHOCATCA M3 OOKOBBIX Mopoy u oTNa- 
raloTcA B TpellMHax B Bue KUNI. Wrak, BHOIHe NOABUKHbIe U3ObITOUHIe KOMMOHEHTHI, B OTM 
OT J[Pyrux BMOUHe NOTBMWKHbIX, MOryT BUIMATh Ha UMCIIO COCYIJeCTBYIONIMX MHHepasIoB—HMeHHO 
B TOM CJlyuae, Kora OHH BbIMaakoT B BHJje CAMOCTOATCJIBHBIX MMHEpasIOB. 

ABTOp B TeueHHe MHOrHX JIeT 3aHHMaJICH MCCJIe€{OBaHHMeM 3aKOHOMEepHOcTei accormanuii 
MHHepaJIOB, B OcOOeHHOCTH B MeTacOMaTHueCKUX Mopofax. WimenHo oTu osmimMpyueckue Ha6s10- 
TleHvAaA TIpMBeM ero K Mpef{cTaBsIeHvIO O BIOJIHE MOJBYHOKHOM NOBeeCHHH uaCTH KOMIIOHCHTOB 
KaKTOH MHHepasbHol cuctempr. IInoqoTBopHOcTs sTOrO NPHHIMMa NoKasaHa B pAye uccneqoBaHnik 
aBTopa WIM MeTaMopdHuecKHX, MeTaCOMaTHUCCKUX HM OTUACTH MarMaTHuUeCKHX Nopor. 

B xauecrBe IpHmMepa UpuMeHeHuA paBusia cas K IPHPOAHbIM MOJIYOTKPbITbIM CHcTemam 
pacCMOTpHM OJHY M3 MarpaMM, MOJIyUCHHBIX aBTOPOM pM u3y4ueHuu NapareHesHcoB MMHepasoB 
B MeTacOMaTMueCKuX Mopoyax apxelickmu ,,Amjyano-CmogancKoro’’ Kommiekca Bocrounoit 
Cu6upu. B 30nax HaOomee MHTeHCHBHOFO MeTacoMaTO3a 3]{eCb eNIbiii pA KOMMOHEHTOB Beret 
ceOxA BOJHe NOTBWKHBIM OOpa3z0M, a MMeHHO, B MOpAyKe NOHWKAarIOIIelcA NoBwWKHOCcTH: H,O, 
CO,, S, SO;, Cl, K,0, Na,O, F, CaO, O,, Fe. Wlocroaucrso akrupnoctu sTHx KOMMOHEHTOB 
COXpaHAeTcA JIA MeTacoOMaTHUeCKUX NOpO WeJIbIX MECTOPO?K CHU, IIPHUeM [JIA MeHee TOJBYKHBIX 
M3 II€peUMCJICHHBIX KOMMOHCHTOB OOHapy2KMBaeTCA 3aBHCMMOCTb aKTHBHOCTM OT Cpey{Hero cocTaBa 
60KOBbIX oOpoy—uem Goraue BMelaIoOuMe NOPObI %KeIeZOM M KaJIbIIMeM, TeM BbIlle Oba 
AKTHBHOCTS (KOHIeCHTpalA) THX SJIEMCHTOB B paCcTBOpaxX, MPOWM3BOMBUIMX MeTacoMaToOS. 
BoOnu3u MpamMopoB KasipyMii BegeT ceOA Kak M30bITOUHBIM BIONUHE NOMBYKHBIM KOMIOHCHT; OH 
oTjaraeTcd B Bue KayibuTa B TpelljwHax WM pacceHHHO B TeX CHJIMKATOBbIX oposax, 
ZaMelljeHHe KOTOPbIX COMpOBOXKMaeTCA YMeHBUWeHHeM OObeMa. AKTHBHOCTS APyrux HOJBYKHBIX 
KOMIOHEHTOB, JIA MOACOB HaHOosIee MOWIHO IpPOABMBIIMXCAH MeTAaCOMaTHUeCKUX TIpoeccoB, oOHa- 
Py*XHBaeT YIMBUTEIbHOe MOCTOAHCTBO, TaK YTO MOPYKHO TOBOPHTb O HeEKOTOPOM HOPMaJIbHOM JIA 
JJaHHOrO KOMIIUIeKCa MOpoOs, CocTaBe MOCTMarMaTHUeCKUX PaCTBOPOB B OTHOWIeHHM 9THX OosIee NOJ- 
BIDKHBIX KOMIOHeCHTOB. jJ,uarpamMmMa puc. 1 aer 3aBHCMMOCTh MMHepaslormuecKoro cocTaBa 
MeTaCOMaTHUeCKUX IIOpos, B UYaACTHOCTH Topoy, MecTopoxxKTeHHi (uoronutTa, OT COOTHOMeHHA B 
HUX MHepTHBIX KomUOHeHTOB Mg—A1—Si npu HopmaybHom Ayia AsjaHo-CmmoqaHckoro KomIIeKca 
cocTaBe paCTBOpOB, IPH W3ObITKe KaJIbIMA M Mp HU3KOM KOHIeHTpaluM 2Keme3a. Hao cKasaTs, 


uTO TaparenesHcbl 9TOH WMarpaMMbI OCYUICCTBIIAIOTCH He TOJIBKO B (pPIIOrOMMTOBbIX MCCTOPO?K- 
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jeHuax CuOupy, HO 4 B Apyrux apxelickux (bIOromMTOBLIX MecTOpOKeHHAX, Hampumep, Kanaybr 
wu Mayarackapa. 

Ha stoi WuarpaMMe MbI BHM, YTO COOTHOMICHHe TpeX MHEPTHbIX KOMIOHCHTOB ONpeyeuAer 
coflep»Kanve pajla BMOIHe NOABWKHBIX. Tak, Kami MoxKeT BOMTH B COCTaB OpTOKIa3a WIM 
dbuloronuta; BOa—TOIbKO B cocTaB (puloronuta; cypaTHan rpyliia—TOJIbKO B COCTAaB CKarlosIuTa,— 
T.€. 9TH KOMIMOHECHTHI BXOJAT B COCTAB MOPObI TONLKO B 3aBHCHMOCTH OT COOTHOIWeHHA B Hei 
MHEPTHBIX KOMMOHEHTOB. COooTHOMeHve HHEPTHBIX 3JIeMeHTOB—aJIIOMHHUA, KPCMHHA, MarHAA— 
3aBHCHT OT COJep»KaHUA 9THX 9JIEMCHTOB B HCXOJ{HOM Mopoe, Tora Kak cojjep»KaHHe BIONHE 
NOJBWKHBIX 9IEMCHTOB 3aBMCHT He OT IlepBHUHOTO HX COJjepyKaHHA, a OT COep?KaHHA MHEPTHbIX, 
a TaKoKe OT TeEMMepaTypbI M OT KOHI[eHTpaljuH pacTBopoB. [i3meHeHHe KOHIeHTpaljuu pacTBopa 
BefleT K BUJOH3MeHeHHIO Hallie JuarpaMMbI. Tak, C NOBbIMIeHHeM B pacTBOpe KOHIeHTpalMu 
yKesIe3a BMeCTO accolMayuu quoncua + cKanomutT + dmoronmuT NOABIIAeTCA poroBan OOMaHKa. 
IIpu noHwKeHHM KOHIeCHTpallui KaJIMA CTAHOBMTCA BO3MO2KHOM accolMalliA WITMHEIIM C MONCH OM 
MT.7. 

Kak m0Ka3aHo Ha Hallleii WuarpaMMe, CocTaBbI (pIOroMmuTa, MMpOKCeHa HM CKallOJIMTa MCHAIOTCA B 
HelmMpoKux mpefenax. Ilpeqnonooxum, cHauasia, YTO COCTaB S9THX MMHepasIOB MOCTOAHEH, T.e. 
w300parKaeTca JIA KaoKOrO 43 STHX MHHEpaJIOB TOUKOM, KaK ITO HMECT MECTO IIA J]PyYrux MUHepasIoB 
yuarpammbi. Torga mro0oii cocraB NOpofbI c He3saBHCHMO (CJly¥aliHO, MPOH3BOJIbHO) 3ajaHHbIM 
COOTHOIMeCHHEM MHEPTHbIX KOMMOHEHTOB H300pa3HTcA TOUKOM, erKalljeH BHYTpH OfHOTO M3 Tpex- 
MMHepaJIbHbIX TperyOIbHUKOB [MarpaMMbl, HM Mopoya WoHKHAa OBIT COxKeHA TPEMA COOTBETCTBYIO- 
IMM MuHepasamu. CopnayleHue HesaBHCHMO 3ayjaHHOl TOUKM COCTaBa IIOpOfbI c TOUKOM cocTaBa 
OZHOrO M3 MHHepasIOB WIM C TByMMHepasIbHOW sMHMeli DuarpaMMbI McKIOUAeTCA KAaK HEBeEPpOATHOE 
nlonaganHue. CyeqoBaTesIbHO, s100aA Mopofa STO CHCTeMbI B Mpefesax WaHHO MeTacomaTHUeCcKo 
cbaluu jODKHA OBITS COxKeHA TPeEMA MHHepaslaM COOTBeETCTBCHHO UMCIIy HHEPTHbIX KOMMOHEHTOB 
B Heli (p = n). 

IlockouIbKy H€KOTOpble MUHepasIbI HMeIOT MepeMeHHBIM cocTaB, KaK NoKa3aHoO Ha JjMarpamMe, 
TOUKA IPOH3SBOJIbHO 3aj{aHHOrO COCTaBa IOPOAbI MOMKeT MOMAaCTh He TOJIBKO B TpeXMHHepasIbHoe, HO 
TakoKe H B JByMMHepasIbHoe WIM OAHOMMHepasbHoe Noe. UnciIo HHEPTHbIX KOMMOHEHTOB 3),eCb 
paBHO MaKCHMaJIbHOMy uHCIy MHHepayioB (p <n). C yMeHbWIeHHemM uNCIa cocylyecTByIOWMx 
MUHepasIOB COOTBeTCTBeHHO BOSpacTaeT U4MCIIO cTeleHeli cBOOO B OTHOMICHHH KOHIICHTpaluu 
MHEPTHbIX KOMIIOHEHTOB B MHHepasax (p = n; — f,;). OgHako, 9TH KOHIJCHTpallMH WIM aKTHB- 
HOCTH, T.€. HHTCHCHBHbIe MapaMeTPbI, He ABJIAIOTCA He3aBHCHMbIMH, H3BHE 3a]JaHHbIMH, a 3aBHCAT 
OT CJIyualHbIxX COOTHOLMeHHH CofepKaHHuit MHCPTHbIX KOMMOHEHTOB, T.€. 34BHCAT OT S9KCTCEHCHBHBIX 
daxtopos. MtTak, mpH HasmuNH MMHepasIoB WepeMeHHOrO cOCcTaBa, JIA ycTaHOBNIeHHA “CHa 
WMHEPTHBIX KOMIIOHCHTOB J{OJDKHa M3y4aTbCA CepHx MOpo, OOpasoBaBUINXCA B JaHHbIX yCJIOBHAX 
(B faHHOK dbaljuH MeTacomMaTo3a), C OlIpey{esIeHHeM MAaKCHMaJIBHOrO U4MCIa MMHepasioB, a HMHOra 
M XapakTepa BapvalMii cocraBa NepeMeHHbIX MHHepasIoOB. 

IIpu wammunu Quddy3uu WHeEPTHbIX KOMIOHCHTOB BOSHHKaIOT MOHOMMHepasIbHble H OuMUHe- 
PaJIbHble MOPObI ake IPH NOCTOAHHOM COcTaBe MHHepasioB. ‘Teopuia 9THX ABIeHHA paccmoTpeHa 
MHOIO B ApyroM MecTo. B uacTHOcTH, yYHOMAHYTHIe (PJIOFOMMTOBbIe MecTOpoKTeHuA oOpasyroTcA 
3a cueT Tu@y3voHHOrO B3aHMOeHCTBUA JOJIOMHTOB C aJIKOMOCHJIMKATOBbIMU TOposaM B 30Hax 
WHTCHCMBHOTO BO3JIeHCTBUA PaCTBOPOB, KOr{a OCYIIECTBJIAIOTCA TWapareHe3sHCbI paccMOTpeHHOIt 
yMarpamMMpl. Pearupyrouywe MOpOmbl OTAeUAIOTCA IPH SsTOM 30HaMM OMMMHeEpaJIbHBIX HM MOHO- 
MHHepaJIbHBIX NOpoy, (JMOMCHJI-CKalOIMTOBaA, MJHOMCH-(PIOrONMTOBaA, MONCHOBad), mpwuem 
Ha CTbIKAX 9THX 30H OCYIIeCTBJIAIOTCA TpeXMMHepasIbHble NapareHesucbi Hallieli JMarpamMMbtl. 

Mrak, u3yuad CepHiO MOpos,, H3MeHeEHHbIX B YCJIOBHAX OHO ,,MeTacomaTHMuecKo cbarun,‘‘ 
MBI MO?KeM YCTaHOBUTb UHCIO MBePTHbIX KOMMOHEHTOB, MIpeMMYWIeCTBeHHO M0 MaKCHMasIBHOMY 
uncily MuHepasiop. lamee HaylO ycTaHOBUTb, KakKMe MMCHHO KOMIIOHEHTEI BeytyT ceOa WHepTHO. 
Siecb MBI OlMpaeMcH Ha TO, 4TO COMep»KaHHe MHEPTHbIX KOMMOHCHTOB 3aBHCUT OT HCKXOAHOrO 
cOcTaBa HOpOJ{bIl, a He OT COCTaBa PaCTBOPOB, a COOTHOMIeCHHe MHEPTHbIX KOMIIOHEHTOB OJHOSHaUHO 
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KOPsKMHCKU : IOJBUKHOCTh IIEMEHTOB 


ONpeAeAeT CofepsKaHve BIOMHe NOABYOKHBIX KOMIOHEHTOB. UTo KacaeTCA akKTHBHOCTH (KOHICH- 
TpallMM B MOPOBOM pacTBope), TO AJId WHEPTHbIX KOMIIOHEHTOB OHA MO2KET MCHATECH OT TOUKH K 
TOUKE, TOA Kak [VIA BMOUHE NOABYWKHbIX KOMIMOHCHTOB AKTMBHOCT MOCTOAHHA fJIa Bcelt chau. 

IIpu BcAKOM MeTaMopdu3Me IM MeTacOMaTMUeCKOM BO3elicTBHM paCTBOpOB Ha TOpHBIe 


MOpoyEl UpoABAeTcA WuddepenMasbHaAd NOBWKHOCTS 3JIeEMeHTOB WIM oKUCHIOB. B KaxKnoit 


HaHHO daljwu uacTh KOMMOHeHTOB NPOABJIAeT WHEPTHOCTS, B TO BpeMA Kak [[pyrue BeflyT ce0a 
BHOHe NOABYwKHO. UemM MHTeHCHBHee BOsselicTBHe pacTBOpa, TeM GOOJIbIee KOJIMUCCTBO KOMIIO- 
HEHTOB IepexOMT B BIOJIHE NOBYXKHOE COCTOAHHE, C YMCHbIICHHeM UHCIIa MHEPTHbIX KOMIIOHEHTOB.. 
VMsyyaaax coBOKYMHOCTS TaKuXx (pal{vii, MbI MOXKeEM yCTaHOBHTS pA yObrBaloujeii oOTHOCHTeNBHOIt 
NOABWKHOCTH IIEMeHTOB UM OKHCIIOB. IIpu kaKaom JaHHOM IIporecce MeHee IOJBYXKHbIe KOMIIO- 
HEHTHI 9TOFO pala BelyT CeOA MHEPTHO, a BCe IIpesIecTBy1OUHe UM GosIee NOABYXKHbIC KOMIOHCHTBI 
BeyT ceOa BHOJIHE NOABYWOKHO. 

TakoB OCHOBHOM IIPHHUMI MeTO]{a YCTaHOBJICHHA OTHOCUTEIBHOM MOBYKHOCTH KOMIOHEHTOB: 
Ha OCHOBe aHasiv3a MapareHesHCOB MMHepasioB Ip MoMomH mpaBusa das. Meroy stor pasBuBasicsx 
aBTOPOM B TeueHHe px] JIeT IPH J[eTaNIbHOM McCIeOBaHUA pasIMUHbIX reOJIOTMUeCKMX KOMIUICKCOB.. 
Syecb HeT HajjOOHOCTH BXOJMTb B eTasIM MeTOJa HM MbI OfpaHHUMMCA HEKOTOPHIMM NOsIyueCHHBIMH 
BbIBOaMH. 

Oxka3aJIOCb, UTO MPOTHBOMOIOXKHOCTh MHEPTHbIX HM NMOJBYYKHbIX KOMIOHEHTOB IIpOABIIAeTCH 
He TOJIBKO IIpH MeTaMop*uuecKHX, HO HM Wp MarMaTHueCKHX Ipoleccax, pH KOTOPbIX pA], KOMMO- 
HeHTOB (BOJ\a, Kas“, HAaTpu u Ip.) BefyT ceOA BUOIHEe NOABWKHO, Kak 9TO ObIIO MOKa3aHO aBTOPOM 
(JIA TpaHMTOMAHBIX MOpoy. DTHM OOBACHAIOTCA MHOrMe OcOOeHHOCTH MarmMaTHu¥eCKHx Tlopoy, uw 
TIPOIeccoB. 

OO6paTuMcaA Tellepb K NOJIYYCHHbIM TaHHbIM TO OTHOCHTeJIbHOM MNOBYYKHOCTH KOMIIOHEHTOB. 
Tlockombky MOJBWKHOCTS 3aBHCHT TlaBHbIM OOpa3s0M OT paCTBOPHMOCTH, TO MO>XKHO OBUIO OBI 
OKUTATh, UTO PA NOABwWKHOCTU OyeT Pe3KO MCHATBCAH OT MHOIMX MpWHuHH—OT TeMIIepaTypbl,. 
cocTaBa pacTBOpoB, coctraBe nopoyx Ho oKa3asocb, 4YTO OTHOCHTeJIbHaA NOJBYXKHOCTh B OCHOBHOM 
ollpeflesneTca FBYMA chakTOpaMu—tTemulepaTypHou cTamMeli u rimyOMHHOCTBIO, TOra Kak BIIMAHME 
qipyrux dakTOpOB He BbIACHeCHO HM, BHMMO, Ha3HaUMTeJIbHO. OTO yKa3bIBaeT Ha OHOOOpasue 
cocTaBa rlyOMHHbIx pacTBopoB. IIpuBeyem nojuyueHHble HAMM PAJIbI WOABY>KHOCTH. 

, ,AsjaHo-Cir0fqaHckuii‘‘ apxelickuli rHelicopbii KommsieKc BocrouHol CuOupu, BKIHOUAaIOUIMi 
MecTopoxKeHuA dyoronutTa, upHHaiexKUT K HavOosIee TyOMHHHIM OOpasoBaHHAM 3emIM. OH 
xapaKTepusyeTcH pasBHTHeM rHIepCTeHOBbIX THeEMCOB WM MOJIHOM HeyCTOMYMBOCTHIO BOJWIACTOHUTA U 
rpoccyapa, OyfyuM B OTHOWeHHH YylyOMHHOCTH aHaJIOroM ApeBHeliiuMmM apxelickum ruelicam 
Kanani, KOoxnom Adpuxu, Apctpamuu u upou. Syecb JIA BbICOKOTeMMepaTyPHbIX IIpoleccoB 
ABTOPOM yCTaHOBJIeH px], yObIBalolyjeH MOABMKHOCTH. 

HO, CO,, S, SO;, C1, K,0, Na,O, F, CaO, O,, Fe, P,O;, BaO, MgO, SiO, Al,O;, TiO, 

Kak mupuMmep ruma6uccasIbHbIx OOpa3s0BaHHi, MO2KeT ObITh B3AT PaSMbITbIM TCBOHCKMHM ByIKaHU- 
yeCKHii KOMIMI€KC palioHa U3BecTHbIx TypbHHCKUX CKaPHOBBIX ME/IHbIX MECTOPOXKJCHHM B CeBepHot 
uactu Ypana. VMutpy3suBuble rpaHuToujbI sToro palioHO, C KOTOPbIMM CBASaHbI MeTaMopdu3sM u 
opyjeHeHve, TeHeTHUeCKH TeCHO CBA3aHbI C MpopbiBaeMoOli UMM B yJIKAaHMUeCKOH Tose, T.e. 
BHeIpAIMCh Ha Maso rmyOune. Ja BbICOKOTeMIIepaTypHbIxX MU cpes{HeTeMMepaTyPHbIx MeTacomMa- 
THUCCKMX IIPOMeCcoB 3/[eCb yCTaHOBJICH ABTOPOM CJIeyIOuu px WOABYKHOCTH: 

H,O, CO,, S, K,O, Na,O, O,, MgO, Fe, CaO, SiO), P,O5, A103, TiO, 
Srecb 2Ke [JIA HUSKOTEMUepaTypHbIX MpoleccoB ycTaHOBJIeH CieyIoua pA: 
H,O, CO,, 8, K,0, Na,O, O,, Cu, Si0,, CaO, MgO, Fe, P,O5, A1,03, TiO, 

MccnefopaHud MoKa3bIBalor, UTO 9TH PAbI UMeIOT OOMee 3HAUeHHe JIA pasIMUHbIx cbopmalnk 
COOTBETCTBYIOWIMX TryOuH. 

Cyenaem Tenepp 0630p MoBeseHUA pa3JIMUHbIX OKHCJIOB M WICMCHTOB Ip MeTamopdywueckHx 


MarMaTHuUeCKHX MW MOCTMarMaTHUeCCKHX IIpoleccax. 
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PART II: PROBLEMS OF GEOCHEMISTRY 


Boga u yriieKucnota BefyT ceOA BUOMHE NOABHOKHO pH BCAKOM MeTamop@usme. AKTHBHOCTB 
MX IPH 9TOM NOsWep»KuBaeTcA Ha NOCTOAHHOM YPOBHE, 3ABHCHMOM OT TeMIIe¢paTypbI M JIA yrIeKHC- 
JIOTbI pesKO Bospactaroujem c rmyOuHoH. Kanuii u Hatpuii MHepTHbI Ip Tak HM 3bIBaCMOM ,,HOp- 
MaJIBHOM‘’‘ MeTaMOp@u3Me, HO BMOHeE NOABHXKHbI IPH BCHKOM MeTaCOMaTHUCCKOM IIpOIecce, a 
TaloKe IPH ABJICHHAX MUrMaTUsalluM UM rpaHuTusalyjuM MW pM KpucTaimsaluu Marm. YpaBHUTesIb- 
Had KOHICHTpalua Kalua u HaTpHa OOycnoBNMBaeT OMHOOOpasMe MHepasIorMyecKOrO cocTaBa B 
opeomax MHTMaTHsallwH U B M3Bep?KeHHBIX Mopoyjax. MecrTubie NOBbIMeHHA 9TOM KOHWeHTpalyua 
oOOycuIOBIMBAIOT NOABJICHHe WICJIOUHbIX THIIOB U3Bep?KeCHHbIX Mopo. 

Kucnopog oOnayaet orpanwueHHoit MOABYKHOCTHIO, OcobeHHO B Oomee rIyOMHHBIX yCIIOBMAX. 
Sto oO BACHAeTCA HMUTOKHOM ero KOHIJCHTpalMelt B MarmMax HM NMOCTMarMaTHUeCKUX pacTBOpaX, 
ocoOeHHo Ha ryyOuHe. VMHepruocts ero IpOABJIAeTCAH, HalIpPHMep, B TOM, UTO OKMCHOe H 3aKHCHOE 
yee30 BeyT ceOH OObIUHO KaK CAMOCTOATEJIBHbIC KOMMOHEHTHI, 38 HCKIEOUCHHeEM OosIee MHTCH- 
CHBHBIX MeTacOMaTHueCKHX IIporeccos. Murepecuo, uro mp Masio MOABHOKHOCTM KUCuIOpoma H 
COBCeM HHUTOXKHOH—yruepofa (Kora OHM MpucyTcrByer B Bue rpadurTa), ux coequHeHHe— 
yrulekKucyloTa—o6slaqaeT BbICOKOM NOABWKHOCTHIO. OTO yKa3bIBaeT Ha BbICOKYIO KOHI[CHTpal{vio 
YIJIEKUCIOTbI B IPHpOAHbIX pacTBOpaxX MPH HH3KOH KOHICHTpal|uH €€ KOMIOHEHTOB, T.€. CiIaOOCTb 
ee Wucconmauuu. Takum oOpa30m, M3yueHHe MOABYKHOCTH WaeT HAM BO3MO?KHOCTh CyHHTb 06 
aCCOIMUpOBaHHOM HW J{MCCOMMMpOBaHHOM COCTOAHMH BeljecTB B IIpHpOHbIX pacTBopax. Takum 
METOJOM MbI IIpHXOJUM K 3aKJIKOUCHHIO, UTO B paCTBOpaxX MbI He MMeeM IpyMil COOTBETCTBYIOWIMX 
OTJ€JIbHLIM MHHepasiaM, HO 9JIEMeCHTbI HM OKUMCJIbBI, BEPOATHO, B HOHH3HPOBaHHOM COCTOAHHH. 

Kampuuit B ryryOMHHBIX rHelicoOBbIx KOMIMIeKcax OONafaeT 3HaUMTeIbHO OobWIeH NOABHK- 
HOCTHIO, UCM B YCJIOBHAX MaJIbIX rIyOHUH. OTO, OUeCBHHO, CBA3aHO C yIOMHHYTbIM BO3SpacTaHHemM 
Cc ryryOHHOM KOHI[CHTpallMH yIJICKHCIOTbI, YTO TOJDKHO YBeCJIMUHBaTb PaCTBOPHMOCTS KaJIbuA. 
TIoqBWKHOCTH KaJIbI[MA BOSpacTaeT TakoKe HW C NOHWKeEHHeEM TeMIepaTypbI. 

Hao6opot, NOABYYKHOCTB 2KeyIe3a pe3KO NOHWHKAeTCH C NMOHMKeEHHeEM TemMepaTypbI. IIpu 
BbICOKHX TeMMepaTypax, HMeHHO pu oOpa3s0BaHHM aHypayMTOBbIX CKaPHOB HM KOHTAaKTOBbIX MarHe- 
THTOBbIX Py], 2KeNIe30 MepeMellyjaeTCA B TpOMaHbIx MacwiTaOax. Ho mpH HH3KOTemMMepaTypHbIxX 
mmpoljeccax »KeyIe30 MHeEPTHO HU OOHapy»KUBaeT TOJIbKO OrpaHWueHHOe MepeMellleHHe B TPelMHHbIX 
30HaX, C BbIHOCOM ero B OHMX yuacTKax WH OOpa30BaHveM CKOIWIeHHii B Apyrux. OpyyeHenue c 
oOpasoBaHvem >KesesocojlepKalyux cy(buyOB (MMpHT, XaJIBKONMpUT, apceHONMpHT) ouUeHB 
wacTO IIPOHCXOMT 3a CueT MECTHOrO HHEPTHOrO dKeTIesa, Oe3 ero NPHBHOCA, HallpHMep, BO BKpali- 
JICHHBIX ,,NOppHupoBbix'‘ pyqax, WIM 3a CUeT 2KeTIe3a, IPHBHeCeHHOFO paHee B BbICOKOTeMIepaTyp- 
HYIO CTayJHIO, KaK 9TO HMeeT MECTO B HEKOTOPbIX CKaPHOBbIX Me€CTOPOXKTeCHHAX. 

Maccopoe ocaxKfeHHe paCTBOpaMH MarHeTuTa B KOHTaKTOBLIX MeCTOPOXKJeHHAX OTUACTH, 
NOBHHMOMy, OOYCJIOBJICHO IIOHVKeEHHeM PAaCTBOPHMOCTH 2KeJIe3za C MOHWKEHHEM TeMIIepaTypBI. 

Marnuii Ha HeOoBuIMxX M cpefqHMx ryyOMHax oOsaqaeT CyUIeCTBeHHOM MOBYOKHOCTHIO. 
ABIICHHA MarHe3HaJIbHOrO MeTaCcOMaTO3a B CyJIBPUAHBIX MecTOpoxKaeHHaAx CKaHTMHaBHH, OTHO- 
CALIMXCA, MOBHMMOMy K CpeHMM ruryOuHaM, ObWIM, Kak M3BeCTHO, ycTaHOBsIeHbI II. Ockona u 
ONMcaHbI pxfoM apropos. Ho oOpasyrouyeca 3yecb cBoeoOpa3Hble pyTHbIe KBapUMThI, KOpyueput- 
aHTO*PHJVIMTOBbIe M MpOuve NOPOAbI DOBOJIbHO HeOOBIUHEI H yCIIOBHA UX OOpasoBaHHA He COBCeM 
acHbI. boyiee u3BecTeH WIMpOKui BbIHOC MarHHA TIpH OOpas0BaHHM CKapHOBbIX 30H, Ipu oOpa30- 
BaHHM KOTOpPbIX MarHuii Bcerfa BeyeT ceOx BHoHe TOABMKHO. IIupokoe pasBuTue >KeNe30- 
MaFrHe3HaJIbHbIX KJIMHOMMpOKCeHOB WMMEeT MECTO 3f[eCb H€3ABHCHMO OT HaIMUMA WIM OTCyTCTBHA 
MarHiA B IIpWJieyKalljux M3BecTHAKaX. Ho HM B HOPMAJIBHBIX KOHTAKTOBbIX OpeoslaxX OUCH UACTO 
oOHapyKMBaeTCA MOJIHaA NOABYKHOCTh MarMbI, IIpHBeAWIad y WIMpOKO paciipoctpaHeHHoMy, HO 
OObIUHO He 3aMeUaeMOMy MarHesHaJIBHOMY MeTaCOMaTO3y, C OOpa3s0BaHHeM POroBHKOB, BeCbMa 
SoraTbix OuoTHTOM uM amcbuOooM. YpasMTusaljia aBrvT-MWlarMoKa3s0BbIx MOpo ToKe OObIUHO 
CONPOBOPKTaeTCH MPHBHOCOM MarHHA, NOABYKHOCTb KOTOpOrO BecbMa OObIUHAa JIA MOCTMarMaTu- 
yeckKHx poryeccos. C ryryOM“HOH MarHHii, B MpPOTHBOMOJIOXKHOCTh KaJIbIMIO, CTaHOBMTCA MeHee 
TIOBYKHBIM, Tak UTO B8aMMHOe MX PacHOJIOoKeHHE B PALLY NOMBWKHOCTH C rryOMHOL pesKo MeHAeTCA. 
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KOPMUHCKUM : MOTBUIKHOCTh 9JIEMEHTOB 


B wanOonee rnyOunHom AmjaHo-Cmoy,nHcKOM rHelicoBOM KOMIIIeKCe, HECMOTPH Ha MHTCHCHBHOCTS 
BbICOKOTeEMMepaTypHOrO MeTaMopdusma, MarHuli Hurye He BeyeT ceOA BIOIHE NOABHKHO, a MecTHast 
Murpallut ero HaOmofjaeTcA TOKO B KOHTAKTaX C QONOMHTAMM, HalpHMep, pH oOpasonaHHn 
cbnorommTopsix Mecropoxjenuii, Kak MbI OTMeuasI BIE. [eno wet, OueBHAHO, 0 Manoit 
PacTBOPHMOCTH MarHUs B.TMIyOMHHBIX pacTBOpax, HO BO3MO)KHbIe IPHYHHbI 9TOTO HeACHEI. 

KpemHesem BecbMa NOJ{BIDKeH IIPH HH3KOTeMMepaTypHBIX Mporeccax, Kors{a Werko oOpasyroTca 
KBaPIeBble 2KHWJIbI M OKBAPYOBAHHBIe MOpomb!. Ho mp BbICOKOTeMMepaTyPHbIX Mpoueccax oH, 
OKa3bIBaeTCA, OOHAPy2KUBaeT 3HAUMTEJILHYIO MHEPTHOCTh H eFO MepeMelijeHve HaOOMAIOTCA TOJILKO 
B KOHTaKTaxX XHMMUeCKH HepaBHOBECHbIX MOpO,, rye MMeeT MeCTO MeCTHad ero MHIpallua, Ipen- 
MYylecTBeHHO WuddysHonHad, HalpuMep, pH oOpa3s0BaHH cKapHoB. BpicokoTemMepaTypHbIe 
KBapleBble Tela, CBA3aHHbI€ C HCKOTOPbIMM MerMaTUTaMH, rpeliseHaMM HM TIpou., OOpasyrIoTcA B 
OCHOBHOM 3a CUeT BbIHOCa JPyrHX KOMIIOHCHTOB M3 KUCJIBIX OPO], a He 3a CUeT NPHBHOCA PacTBO- 
paMM KpeMHesema. OueBMHO, YTO PaCTBOPHMOCTh KpeMHe3seMa B BbICOKOTeEMMepaTyPHBIX pact- 
Bopax Oba HU3Ka, HO BOspacTayia Ip NOHYDKeEHMM TemMepatypbI. Orcrofla cieqyet, uTo o6paso- 
BaHWe OOBIUHbIX KBapI[eBbIX 2KWJI He MOFJIO MPOMCXOMT 3a CUeT IPHBHOCa KPeMHe3eMa 3 OCTHI- 
BalOlerO MarMaTH4ECKOrO OUara, HO TOJIBKO 3a CUeT TlepeMellleHHA KpeMHesemMa OOKOBbIX MOpoy. 

Manaxt noyBwKHOCTD riiMHOseMa OOwjeusBecTHa. IIpu HaMOoyIee HHTeCHCHBHBIX MeTaCcoMaTH- 
UECKMX IIPOMeccax TIMHOSeM Hepe/[KO COXpaHAeT elle WHePTHOCTS, Kora OcTasBHae TiaBHBIe 
TopofooOpa3yrolve SJIEMeHTHI y2Ke NepeliJIM B BIOJIHe MOABYWKHOe cocTosHMe. B TakMx yCJIOBMAX 
BOSHHKAIOT, HalIPHMep, MOHOMMHEPaJIBHBbIe€ OKOJIOXKVJIBHbIC MOPOMbI, CMOXKCHHbIC B 3aBHCHMOCTU 
OT TeMIlepaTypbI M KOHI[CHTpaljuM BINOJHE NOJBWKHBIX KOMMOHEHTOB OJHMM U3 Cie yIOUIux 
aJIKOMOCHJIMKaTOB: aJIbOHT, MYCKOBHMT, WIM CepHIIMT, XJIOPHT, TYPMaJIMH, SIMAOT HM pou. 

HanGosee wHepren 43 BCex OOBIUHEIX 9JIeEMeHTOB TuTaH. OH ocTaeTCA MHEpTHbIM KOMMOHeHTOM 
IIpH BCeX MarMaTHUeCKHX HM MeTAaCOMATHUeCKUX MpoleccaxX, 3a HCKJIKOUCHHEM IIPOIeCccoB MouHOrO 
OKBapl[eBaHHA, KOrja OH HAYMHaeT BHIHOCHTECA BCE, 3a rIMHOSeMOM. B cusly Takoli MHepTHOCTu 
THTaHa, ero COfep*KaHve MOET ObITh MCMOE3OBaHO KaK BaKHbIM KpUTepHit MpH onmpeyeeHnu 
MpOHCXOPKeCHHA MeTaCOMaTHUeCKOM Nopoybl (HaMpuMep, Id pasJIMUeCHHA CKaPHOB, 3aMeCTHBIIMX 
H3BeCTHAK WIM U3Bep»KeHHYIO NOposty). 

TIoqBWKHOCTS 9IeMeHTOB OlpeyesAeT UX NOBECHHe IPH reoxuMuuecKuX Tporeccax. AKTHB- 
HOCTb HHePTHbIX KOMIOHEHTOB 0 Mepe KPHCTaJWIM3allMu MarMbI BOspactaeT, OKA OHH He HauHyT 
BbIJCJIATBCA B BUJe OTACIbHbIX MMHepayIOB WIM B COCTaBe J{pyrux MMHepasIOB; cosepskaHue 
MHEPTHBIX 3JIEMCHTOB B H3Bep?KCHHOM MOpose COOTBETCTByeT MOSTOMYy MX COfep?KaHHIO B MarMe. 
AKTHBHOCTS MOJBWKHBIX IICEMeHTOB 10 Mepe KPHCTaJWIM3aljuM He NOBbIMAeTCA B TakOH CTelleHH, 
B cily ux Duddy3un u yxoya c pactBopamu. Ilosromy OHM MOryT He BOMTH B COCTaB U3Bep?KeHHOH 
MOPOJI, a OTIOXKUTECA B yAasleHHu OT MarMaTHuecKoro Ouara. ‘TvTaH, MpKOHH, docdop ciyxKatT 
IIPHMepaMM HHEpTHbIX KOMIMOHEHTOB, CJIaralOUJMX AKCI[ECCOPHbIe MUHEepasIbI U3BeEPp?KCHHbIX MOpo: 
MapraHel, CepeOpo, 3O0JI0TO, PTYTh ABNIAIOTCA MIpHMepaMM KpaliHe MOBWKHEIX 9JIEMCHTOB MarMBI. 

CucremaTwueckuit aHasmM3 MapareHesHcoB Ha OCHOBe ipaBusia (has ABJIAeTCH MJIOMOTBOPHbIM 
METOJIOM H3y4eHHA TEOXHMMUECKOM NOABYWKHOCTH 3JIEMEHTOB, OpocarOllMM CBeT TaK?Ke Ha BONPOCbI 
cocTaBa M COCTOAHUA IpHpOsHbIX pacTBOpoB H Apyrue OcoOeHHOCTH TeOXHMMUeCKUX Mpoleccos. 
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COMPOSITION OF THE MINERALS IN THE ROCKS OF 
THE SOUTHERN CALIFORNIA BATHOLITH 


By Esper S. LARSEN, Jr., and Wilburt M. DRAISIN 
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ABSTRACT 


The great complex batholith of Southern California contains rocks that range from calcic gabbro to granite and 
nearly all the analyses of the rocks fall near smooth variation curves, indicating a close consanguinity. The minerals of 
the rocks were studied with especial reference to the relation between the composition of the minerals and that of the 


FeO 
enclosing rocks. The ratio Sage is about the same for any rock as for all the mafic minerals in that rock. 


For hornblende the ratio is commonly a little low. The ratio is 0-36 in the calcic gabbros, and increases along a smooth 
curve to 0:85 in the granites. The anorthite content of the plagioclase changes regularly with the composition of the rock, 
The minerals of the coarse-grained rocks of California are compared with the phenocrysts of the volcanic rocks of 


FeO 
the San Juan region of Colorado. In the volcanic rocks the ratio ESS does not change systematically with 


the composition of the rock. The biotites and hornblendes of the volcanic rocks contain less K,O and more Fe,O;, and 
the orthoclase more Na,O than do those minerals in the granular rocks. 


The Batholith 


HE batholith of Southern California extends from near Riverside, California to the southern 
al Poe of Lower California. It is about 70 miles wide in California and is about 1,200 miles long. 
A part of this great batholith has been mapped and studied by Larsen and a report is in the press 
(Larsen, 1948). The batholith is made up of many separate bodies which range from gabbro to quartz 
diorite, granodiorite, and granite. The rocks form a rather simple magma series and nearly all the 
rock analyses fall near smooth variation curves. The series is high in SiO, and low in K,O. 
The purpose of this paper is to report the chemical compositions of the minerals of the batholith 
and point out the relation between the compositions of the minerals and of the rocks enclosing them. 


AUGITE AND OLIVINE 


Augite is an abundant mineral in the gabbros and remnants of it are rare in the tonalites. For 
augite in gabbro Miller (1937, p. 1416) gives the range of optical properties as: a = 1-686 — 1-694, 
B = 1-691 — 1-700, y = 1:710 — 1-719, + 2V = 55° — 62°, r > v perceptible, Z A c= 39°— 44°, 

Olivine is found only in the gabbros with calcic feldspar. Miller (1937, p. 1416) gives its optical 
properties as a = 1-682 — 1-693, 6 = 1-704 — 1-716, y = 1-720 — 1-735, — 2V = 80° — 86°, 
r > v distinct. These data indicate 25 to 31 per cent of Fe,SiO,. 


HYPERSTHENE 


Hypersthene is present in many of the gabbros and norites and in a few of the granites. It was 
not found in the tonalites and granodiorites. 

An analysis and other data for a hypersthene from a norite are given in Table 1, column 1. This 
hypersthene is much like hypersthene in most gabbros and basaltic rocks and is somewhat similar 
to the hypersthene found in phenocrysts in a dark quartz latite, near basalt, from the San Juan 
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Mountains of Colorado, which is represented in column A (Larsen and others, 1936, pp. 695-6). 


Rare hypersthene, very high in iron, was found in some of the granites. The coarse grained granite 
from Rubideaux Mountain, Riverside, California, contains less than one per cent of hypersthene and 
an analysis and other data on that mineral are given in Table 1, column 2. 


TABLE 1. Analyses of Hypersthene, by F. A. Gonyer 


1 A 2 
SiQgaccensw atresia 52-01 51-58 44-52 
PIO) sere cmecteteee ee tet 0-35 0:45 1-39 
AU Oink ocean eer ease 1-92 1-70 4:76 
Be Ose. aeas ee 1-99 3-15 1:26 
1s, OF ueaesoconaot ee eee 19-78 18-11 38-66 
Min ee etote cee eae cae 0-22 0:39 0-28 
MoQ eee Renee teres 20:92 22-01 6:59 
GaOwe ener esmeurrecs 2:78 1-82 1:40 
INEM @ S-Sontige ot Rit eemnmeeeae 0-11 0-39 
Kg Op ecercnctcare sate cance he 0:19 
1S A @ ins ea Be pee 0-15 0:40 0-41 
Sums. osccet secre 100-23 99-61 99-85 
Formule: 
ty Ptcconnoncasenart aaaeRe 1-46 1-23 0-41 
Bega ieee 0-61 0-56 1:33 
Miners eects csccrscctes< 0-01 0-01 0-01 
(C5 > Benes net le a 0-11 0:07 0:06 
INES gonad aeRen seen 0:01 a 0-05 
emer teens 0-06 0-09 0-04 
(Alimgeccta totes etisee lee 0-04 0-02 0-12 
Alig Reet ereee seuss 0-05 0-06 0-12 
Tk wedaeea: seats teaa 0-02 0:01 0-04 
Sis ee eee 1-93 1-93 1-84 
OMB ict ast inte ae 6:0 6:0 6:0 
16 HORS ee GRRE CURE 1-701 1-702 1-752 
B wesssnposthebossteeseea 1-708 1-707 1-759 
Mirch ataes attache hege sae 1-711 1-712 1-765 
DINE seactaaa bate eee (—)58 sae (—)78 
Glico petiectose Rasa REA Pale tanish green Pink Pale pink 
Bicgtiectteedoscnseecase Pale tan green Yellow Pale pinkish green 
MW iniestieasSeelsoe toss ae2 Pale green Green Pale green 


1. Hypersthene from norite (SLR M334) from three miles east of Vista. Chief minerals are plagioclase (An 64), 
augite, and hypersthene. 

A. Hypersthene from dark quartz latite, near basalt (SV9) from the Sammitville quadrangle, Colorado (Larsen and 
others, 1936, pp. 695-6). The rock contains phenocrysts of plagioclase (An 47), augite, and hypersthene in a quartz 
latite groundmass. 

2. Hypersthene from coarse granite (E138-167) from Rubideaux Mountain, near Riverside, California, Rock con- 
tains quartz, microperthite, plagioclase (An 20), a little biotite, and less than 1 per cent of hypersthene. 

67 


Bo no > leet 


a 


_ PART II: PROBLEMS OF GEOCHEMISTRY  — 


Miller (1937, p. 1416) has shown that in the gabbros the indices of refraction of the hypersthene. 


increase with the albite content of the associated plagioclase, The index of refraction of the hypers- 
thenes are plotted against the An content of ibe aoe in Figure: ss : 


BIOTITES- 


Biotite is present in nearly all the rocks that contain quartz, from the silicious norites to the granites. 
In the norites it is a late mineral to crystallize, in the granites it is in part an early mineral. Eight 
biotites from rocks ranging from norite to ae have been analysed by F. A. oe and the 
analyses and other data are given in Table 2 

In Figure 2 the compositions of the biotites: are plotted against the position of the enclosing rock ona 
variation diagram. (Larsen, 1938). The FeO in the biotites from the gabbro-diorites is less than 
16 per cent, it increases slowly to about 20 per cent in the biotite from the granodiorites and rapidly 


2 OF HYPERSTHENE 


100 80 60 40 20 
An IN PLAGIOCLASE 


Fic. 1.—The index of refraction of hypersthene plotted against the anorthite 
content of the associated plagioclase. 


to over 26 per cent in those from the granites. MgO changes inversely as the iron. Al,O, is near 17 
per cent in the biotites from the gabbros and tonalites and only about 14 in those from the grano- 
diorites and granites. The other oxides show no systematic variation on the curves. 


AMPHIBOLES 


Amphibole is the most widespread femic mineral in the batholith. It is in variable amount in the 
gabbros, is the chief dark mineral in most of the tonalites, and is subordinate to biotite in the granites. 
In some of the gabbros it is the only dark mineral, in others it is absent. In all the gabbros it is a 
late magmatic or deteric mineral and commonly replaces pyroxene. Much of it is in large uniform 
grains but some is uralitic. The amphiboles in the gabbros are variable in colour and in other respects. 
In Table 3 eleven analyses of amphiboles are given, five from gabbros, three from tonalites, two from 
a granodiorite, and one from a granite. 
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TABLE 2. Analyses and other data on Biotites 
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Fic. 2.—Compositions of biotites plotted 
against position on the variation diagram 
of the enclosing rock. 


Fic. 3.—Compositions of the amphiboles 
plotted against position on the variation 
diagram of the enclosing rock. 
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TABLE 3. Analyses and other data on Amphiboles 
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45-19 
1-70 
9°48 
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10-48 

11-52 
1-45 
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45°93 
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PART II: PROBLEMS OF ‘GEOCHEMISTRY — 


1. Hornblende formed from reaction on olivine from olitine-horgbleade, troctolite (SLR M354) north-east end of 
summit ridge of Pala Mountain. Plagioclase is Ang,: 


2. Light green uralitic hornblende from a calcic fomblend? gabbro (SLR M30). Plagioclase is ANss- From mapa 


eastern part of San Luis Rey quadrangle, road half-mile north of Magee ranch. 
3. From calcic hornblende gabbro (SLR M108). From central summit of Pala Mountain. Plagioclase i is. Ate! 


4. Bright green uralitic hornblende. From a calcic hornblende gabbro (SLR M53). Piagiociaray is fits: Near Pala: - 


Head. of main gulch on west side of Pala Chief Hill.at an altitude of 1,400 feet. 

5. Matrix of nodular gabbro (SLR _M229B). About 0-5 miles east of Inland Fighwer at Vista Geands.. Gabbroa is 
made up of closely spaced nodules of pyroxene rock imbedded in a matrix of hornblende rock. Plagioclase is Ansy. ** 
6. From Bonsall tonalite (SLR 1016) from Rincon grade. Has large oikocrysts of hornblende. Plagioclase is Any;: 

7. Hornblende with well crystallized borders and cores of uralitic hornblende. From Green Valley tonalite (SLR 138) 
two miles north-west of the south-east corner of the San Luis Rey quadrangle. Plagioclase is Ang;: ete is of well- 
crystallized borders. 

8. From Lakeview tonalite (El 38-1 34) four miles north-east of Perris. Plagioclase is Ang;. 

9. Hornblende from a granodiorite ct of the Bonsall (SLR 2242). One mile west of Fallbrook. -Plagioclasé 
is Ang. 

10. Hornblende from Woodson Mountain granodiorite (Ra 135) from near ae of Poway grade in Ranone quad- 
rangle. Plagioclase is An,;. 

i. Hornblende from coarse granite of Rubideaux Mountain, Riverside, California. Plagioclase i is ADgo. 


In Figure 3, the compositions of the amphiboles are plotted against the positions of the rocks in 
which they occur on a variation diagram (1/3 SiO, + K,0 — FeO — MgO — CaO). This figure 
and Table 3 show that, except for the low SiO, and high K,O and F in the amphibole from the 
granite, SiO,, Ti0,, the alkalies, H,O, F, and CaO have a moderate range and without obvious relation 
to position on the plot. TiO, and alkalies are rather low; Al,O; covers a wide range and is very high 
in the hornblende formed from reaction between olivine and plagioclase (anal. 1). Fe,O; is low in the 
hornblende from the gabbros, and is moderate in those from the granites and granodiorites. FeO 
ranges from 8 to 10 per cent in the amphiboles from the gabbros and is over 23 per cent in that from 
the granite. The curve for iron has two prominent inflections. The MgO varies inversely with the FeO. 

The amphibole represented by analysis 1, Table 3, was formed by reaction between olivine and a 
calcic plagioclase (Ang,). Its norm is: 


OLsaene tee eter teeeemete 0:56 Gissocrewzcttecmee cence 10-90 
ADseecek csbacoteetees tenets 12°58 Olle hacsacrsddens sameadectere 33-56 
ANsceeectetetec cin vecceeckes 38-09 Ditcckaccswecer cree tec 0-93 
TGscarckeetacseererswin setae 0:85 A Passe ns tes deeseoaiee eats 1-22 


This amphibole could be made from a mixture of about 51 per cent of Ang, and 36 per cent of 
olivine, with the addition of some H,O, CaO, alkalies and SiO,. 


PLAGIOCLASE 


The plagioclases of the rocks range in anorthite content from 94 in the calcic gabbros to 18 in the 
granites. The plagioclase in the microperthite is more sodic. Miller (1937, p. 1414) made a statistical 
study of the composition of the plagioclase in the San Marcos gabbro and found in the rocks with 
olivine and pyroxene pronounced concentrations of the feldspar at anorthite contents 93, 60 and 53. 
In the hornblende rocks he found the three concentrations at 90, 57; and 49. 


The plagioclases change rather regularly with the composition of the enclosing rock, as shown in 
Figure 4. In this figure about 75 per cent of the plagioclases fall on a smooth curve within the limit 
of error of the determinations (+ 3 per cent An). The other points all have low anorthite content and 
only one is off the curve by more than 8 per cent anorthite. This rock fails to fit the variation curve 
and is very low in CaO and MgO and high in FeO and Na,O. 


Four plagioclases from rocks ranging from calcic gabbro to granodiorite have been analysed by 
F. A. Gonyer and are listed in Table 4. They contain small amounts of Fe,O, and K,O and the K,O 
and probably the Fe,O, increase with the soda content. 
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An IN PLAGIOCLASE 


-20 -10 0 to 20 > 30 
3 SiOz, + K20 - FeO - MgO - CaO 


Fic. 4.—Anorthite content of plagioclase plotted against position on the 
variation diagram of the enclosing rock. 


TABLE 4. Analyses of Plagioclase 


— 
N 
i , 
> 


th id 43-77 52:97 57:20 63-40 
GE EE Sa 36-11 29-41 26-80 22-20 
7) Ste ee 0-09 0-76 0-50 1-00 
js) a a Se oc 0-07 - = 

“co7 a see rare mania 18-73 12-59 8-50 3-60 
<A ae ee ieee 0-67 3-97 6-30 9-20 
Me SP aie 0-11 0-26 0-50 0-50 
= 9, Ie IRN conte 0-40 0-22 0-20 0-10 
ot Leer ec 99-95 100-18 100-00 100-00 
OTe eT ETS 0-60 1-80 3-40 3-40 
beat cee Aa Aa x 5-80 34-70 54-30 78-20 
hk ie A se ere 93-60 63-50 42-30 18-30 


1. Plagioclase from calcic gabbro (SLR 354). North-east end of summit ridge of Pala Mountain. 

2. Plagioclase from typical norite of San Marcos gabbro (SLR M334). Summit of San Marcos Mountains, at BM 1664, 
three miles east of Vista. 

3. Plagioclase from Bonsall tonalite (El 38-28). Shaft 2, two miles west of Valverde. The analysis is corrected for 
7°5 per cent of quartz. 

4. Plagioclase from Woodson Mountain granodiorite (SLR 596). Half a mile east of Rainbow. Analysis is 


corrected for 9-5 per cent of quartz. 
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ORTHOCLASE, MICROCLINE, AND PERTHITE 


Small amounts of these minerals are present in the silica-rich tonalites and they are uncommon in 
rocks with less than 25 per cent of quartz. Much of the potash-feldspar is microcline microperthite. 

Chemical analyses of four perthites and alkali determinations on two others have been made by 
F, A. Gonyer and the results are given in Table 5. 


TABLE 5. Analyses of Potash-feldspars 


1 2 3 4 5 6 
Sill eee eee 63-88 63-96 64:26 63-48 
ALO ee 17-92 19-12 19-14 19-26 
FeO eee 0-64 0-32 0-38 0-32 
CaO wesc cee 0-52 0-34 0-26 0-22 
Na On 2-71 1:77 2:01 1-44 3-48 2-88 
RO oe 12-09 13-32 13-30 , | 14-30 10-62 12-36 
HOC ee 0-72 0-26 0-37 0-40 
Shia ee 98-48 99-09 99-72. 99-42 
Ore abso er 74:30 82-30 81-00 86-60 67-00 74-00 
I eed cure scat. 23-70 16-00 17-50 12-30 31-00 25-00 
obs Ware es 2-00 1-70 1-50 1-10 


1. From Green Valley tonalite (SLR 685). South of Vista, in upper part of Los Monos Canyon. Rock contains 
10 per cent of perthite. 


2. Large glassy feldspar from the coarse granodiorite (El 38-126) associated with the Bonsall tonalite. East portal 
of tunnel five miles north-east of Perris. Rock contains 14 per cent of orthoclase. 


3. From a granodiorite facies of the Bonsall tonalite (SLR 2242). One mile south-west of Fallbrook. Contains 
14 per cent perthite. 


4. From the Woodson granodiorite (SLR 596) from a small quarry east of Rainbow, San Luis Rey quadrangle. 
Rock contains 22 per cent of perthite. 


5. From coarse granite of Rubideaux Mountain (El 38-167) near Riverside, California. Rock contains 32 per cent 
microperthite. 


6. From the fine granite of Rubideaux Mountain, Riverside, California. Rock contains 36 per cent of microperthite. 


THE RATIO OF IRON TO MAGNESIA IN THE ROCKS AND MAFIC MINERALS 


FeO + MnO a FeO + Fe,0O, + MnO pes 
FeO +MnO+MgO FeO + Fe,0, +MnO+MgO — ~~ 
analysed rocks and minerals is plotted against the position on the variation diagram in Figure 5. The 
figure shows that for any rock the ratios are nearly the same for the rock and for all the mafic silicates 

FeO + MnO 
FeO + MnO + MgO 
as the SiO, of the rock increases and is 85/100.in the granites. The slope of the curve for this ratio 
is not regular but is flat in the range of the tonalites and steep in that of the granodiorites and granites. 
The points for the rocks near the granite end are not very accurate as the amounts of FeO and MgO 
are very small. 

The ratios for the amphiboles tend to be a little lower than those of the rocks or of the biotites. 
Those for the biotites and hypersthenes are near those for the rocks. 

If FeO, is included in the ratio, the points fall near a more regular curve. 
74 


The ratio (weight per cent) of 


in the rock, and that the ratio is about 37/100 in the mafic gabbros and increases 


nd 


LARSEN AND DRAISIN: CALIFORNIA BATHOLITH 


Comparison of the Batholith of Southern California with the Lavas 
of the San Juan Mountains of Colorado 


Some of the ways in which the granular rocks of Southern California eke from those of ne San 
Juan lavas are: 
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1. The lavas. of the Potosi volcanic series of the San Juan mountains contain more K,O than 
do the granitic rocks of Southern California. As a result, rocks with the composition of tonalites 
and diorites are entirely absent from the San Juan lavas, The range in rocks for the two groups” 
is shown in Figure 6, in which the abscissa is the position on the variation diagram used in this paper. 
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Fic. 6.—The range in rocks in the batholith of Southern California and in the 
Potosi volcanic series of the San Juan Mountains of Colorado. 


2. For the granular rocks, except in the very late part, the crystallization was approximately 
under equilibrium conditions while in the lavas this was far from true for the groundmass and 
was probably not true even for the phenocrysts. 

3. Foreign crystals picked up by the granular rocks were in large part reworked by the magma 
while this is less true of the lavas. 

4. Important recrystallization took place in the granular rocks during the last or deuteric 
stage of crystallization while little took place in the lavas. 

5. Escape of mineralizers near the surface from the lavas brought about reactions such as 
the resorption of biotite and amphibole and oxidation of the iron in these minerals, but such 
effects were not observed in the granular rocks. 

The minerals of the granular rocks of Southern California and the phenocrysts of the San Juan 


volcanics are compared diagrammatically in Figure 7. 


In the granular rocks, olivine is found only in rocks without quartz or normative quartz, but in the 


lavas olivine phenocrysts are present with quartz phenocrysts and in rocks with as much as 15 per 
cent of normative quartz. The olivines of both rocks have about 25 per cent of fayalite. 


In the granular rocks, pyroxene is absent in a few of the very calcic gabbros, it is the chief dark 


silicate in most of the gabbros, it ends rather abruptly at position O on the variation diagram, it is 
absent in the tonalites and granodiorites, and as hypersthene comes in again in a few of the granites. 


Rather different relations were found in the lavas where pyroxene and olivine are the only dark 
silicates in the basalts and silica—poor quartz latites—as far as position O on the variation diagram. 


At about that position, hornblende and biotite appear but augite is present in many of the rocks to 
the right of the position named and continues as a phenocryst to the potash-rich rhyolites. 


Hornblende has about a reciprocal relation to pyroxene. In the granular rocks it is present in 


variable amounts as a late mineral in many of the gabbros, even in the highly calcic gabbros. At about 
position O where pyroxene ends, hornblende becomes the chief dark silicate and crystallized rather 
early. As the rocks become rich in SiO,, both the absolute amount of hornblende and its proportion 
in the dark silicates decreases and it is in minor amount or absent in. the granites. In the yolranis 
rocks hornblende is rarely the chief dark mineral. . 


The distribution of biotite.is.much the same in both the granular and the volcanic rocks... It is 


absent in the gabbros and basalts and comes in with quartz in both groups, at about position —2. 
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Fic. 7.—The minerals of the granitic rocks of Southern California and the 
Phenocrysts of the Potosi rocks of the San Juan Mountains of Colorado. 


In the granular rocks it is the chief dark mineral at about position 5 and in the volcanic rocks at position 
12. In both groups it forms a small part of the dark silicates in the silica-poor rocks, but this part 
increases with increase of silica, and biotite is the chief dark silicate in the granites and rhyolites. 


In all the granular rocks plagioclase is an abundant mineral and it ranges from Ang, in the calcic 
gabbros to An,, in the granites. The differentiation has not gone far enough to yield kaligranites. 
In a few of the rocks some of the plagioclase has very calcic cores, representing foreign crystals not 
completely reworked. Except for this, zoning in the plagioclase is uncommon, and where present is 
in broad zones with little recurrent zoning, and progressing from calcic cores to sodic borders. In 
the volcanics plagioclase phenocrysts are present in nearly all the rocks, except the kalirhyolites in 
which there is very little lime for anorthite. It is rarely more sodic than An,, and there appears to be a 
reaction relation between plagioclase and sanidine. Both calcic and sodic cores are rather common 
and are relics of foreign crystals. Zoning is conspicuous in many of the plagioclases and is commonly 
recurrent and complex. 


In the granular rocks microcline microperthite is the common potash feldspar and it is for the most 
part interstitial. It is rare in rocks with less than 10 per cent of normative orthoclase. In the lavas 
sanidiné phenocrysts are common in many rocks with over 23 per cent of normative orthoclase. 
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In the granular rocks the compositions of all the minerals change regularly with the composition 


FeO + MnO 
r- ; FeO + MnO + MgO 
gabbros and increases along a smooth curve with inflections to -85 in the granular rocks (Figure 5). 
In the lavas there is no apparent relation between the ratio for the minerals and the composition of 
the enclosing rock, and all of the mafic minerals of the lavas contain only a moderate amount of iron. 
In biotites of the granular rocks there is commonly over three times as much FeO as Fe,O, and in the 
amphiboles even more, yet in some of those minerals from the volcanics, the iron is mostly in the 
ferric state. The biotites of the lavas contain less K,O than do those of the granular rocks. 

The anorthite content of the plagioclase of the granitic rocks decreases regularly as the host rock 
changes from calcic gabbro to granite (Figure 4), but those of the San Juan volcanic rocks are much 


of the enclosing rocks. For the mafic minerals, the ratio is +38 in the calcic 


more erratic. The plagioclase phenocrysts of the lavas contain more K,O than do those of the granular 


rocks of Southern California. 
The sanidines of the lavas carry much more soda than do the microperthites of the granular rocks. 
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Fic. 8.—The crystallization of the batholith of Southern California. 


CRYSTALLIZATION OF THE MAGMA AND REACTION SERIES 


Olivine, probably accompanied by calcic plagioclase and pyroxene, was the first constituent to 
crystallize from the calcic gabbro and olivine continued to crystallize until the residual liquid contained 
10 or 15 per cent of excess SiO,. It was then reacted on to form pyroxene. Both pyroxenes crystallized 
until the liquid had some excess of SiO,, augite probably a little longer than hypersthene. They were 
then reacted on to form biotite and hornblende. Biotite continued to the end while hornblende 
dropped out in the granites. An iron-rich hypersthene may have replaced the hornblende. Quartz 
and perthite crystallized together in the residual liquid; in the California batholith quartz preceded 
perthite, but in the potash-rich lavas of the San Juan region sanidine preceded quartz. 

There is no evidence of a reaction relation between hypersthene and clinopyroxene and doubtful 
evidence for that between hornblende and biotite. No appreciable amount of quartz can be formed by 
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reaction. In the San Juan lavas there is evidence for the reaction on plagioclase to form sanidine. 
As the soda content of the plagioclase increases the iron content of the mafic minerals also increases. 


The mineralizers have some influence on the reactions. The hornblende in the gabbros of Southern 
California are late reaction or deuteric minerals and in part, at least, replace pyroxene and are formed 
by reaction between olivine and calcic plagioclase. On the other hand, in some of the volcanics of 
the San Juan loss of mineralizers resulted in reaction on hornblende and biotite to form pyroxene. 


The course of crystallization and reaction is represented approximately in Figure 8. 
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SOME APPLICATIONS OF AUTORADIOGRAPHY 4 


By J. P. MARBLE» 
U.S.A. | 


ABSTRACT 


A properly prepared eee of a radioactive mineral, when placed in direct ¢ contact with a photographic plate or film 
for an optimum time will yield valuable information as to relative radioactive content of different parts of the specimen, 
leaching, infiltration of radioactive matter, movements subsequent to original crystallization, and other points. In some 
cases the existence of the metamict condition can be determined. By exposing for the same length of time chips of an 
unknown mineral with others whose U+Th content is known, a semi-quantitative estimate of the U+-Th content of 


the unanalyzed mineral can be quickly made. 


x 


VER since the discovery of the effect of uranium minerals on a photographic plate by Henri 

Becquerel in 1896* the autoradiograph has been used to illustrate the effect in elementary courses 

in physics, and in popular magazine articles. The mineralogist has also applied the process 
(1) to detect the presence of radioactive minerals in a sample; (2) to locate in a given specimen small 
particles of radioactive minerals accompanied by inert substances; (3) in a roughly qualitative way to 
estimate the amount of uranium and thorium present; and (4) to study the “‘ freshness ” of the radio- 
active mineral, i.e. the amount of leaching or enrichment as shown by variations in the blackening of 
the plate. 

Most of this work has been done in a rather desultory fashion, and only in the last few years 
(excluding the war period) has there been much attempt to systematize the results. Very recently 
H. Yagoda of the United States National Institute of Health, Bethesda, Maryland, U.S.A. has been 
making careful, quantitative studies of the effect of radioactive minerals on the photographic emulsion, 
on the use of the relative darkening of the plate as a means of the quantitative estimation of the 
radioactive content, and on the detection of natural radioactivities other than uranium and thorium. 
(Yagoda, 1943, 1946, 1947.) 

In this work, which is still in progress, and part of which will be illustrated later, the writer has been 
co-operating. 

Geologists and geochemists in general, however, do not seem to be familiar with the simple 
techniques involved, and by no means all mineralogists; nor with the amount of information that can 
be obtained. The writer outlined briefly at the Seventeenth Congress (Marble, 1937), some work of 
his on allanite, but it is felt that a wider discussion may be of some interest. 

For quantitative or semi-quantitative work the one essential is that the surface of the specimen in 
contact with the emulsion be flat. A sawed section for a large specimen, or a cleavage surface or 
crystal face, for a small one, should be ground as flat as possible on a lap, using progressively finer 
abrasives. An optical polish is not needed, and it is the experience of the writer that a highly polished 
surface tends to be less plane because of the varying hardness of the different minerals. Further, 
polishing tends to obscure weathered zones because of the dragging out of the more friable material 
and its replacement by the very fine particles of the polishing materials. Excess abrasive can be removed 
from cracks by brushing gently under water or alcohol, the choice of liquid depending upon circum- 
stances. Especial care should be taken when friable weathering or alteration products or secondary 
minerals are present. It is advisable to leave the specimen in the dark or in any event unexposed to 


*See BECQUEREL, J. Nature, vol. clxi, p. 609 (1948), for a discussion of the circumstances surrounding Becquerel’s 
discovery. 
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intense light (especially ultraviolet) for an hour or so before starting the radiograph. This will avoid 


the possibility of reaction between the emulsion and fluorescent substances (which may not be radio- 
_ active) in the specimen. | ae eee 


For most purposes the choice of emulsion and backing is not critical. Eastman or other “ process ” 


films or plates give good results. A glass plate is perhaps preferable to a film when exposures of several 


weeks are necessary, as changes in temperature or humidity may cause a film to buckle slightly. 
Heavy (500+ gram) specimens should have the emulsion in contact with an upper surface, to avoid 
possible pressure effects. This precaution is advisable when the radioactive content is extremely small. 
Yagoda recommends Eastman Special Alpha-particle Emulsion for quantitative estimation. Develop- 
ment should be carried out to the point of maximum contrast, care being taken not to lose detail. 

The time of exposure will of course, depend upon the total radioactivity of the material. The non- 
radioactive matter present has considerable effect, as the absorption of radiation is a quantity that 


varies from ion to ion. Thorium, whose net radioactivity is weaker than that of uranium, requires a 


longer exposure. The Table printed below may be used as a rough guide. 


TABLE I 
Suggested Exposure Times for varying Radioactive Content 
Minerals containing 25 per cent U+Th or over .............+- 48 hours 
Minerals containing 10-25 per cent U+Th .................008 1 week 
Minerals containing 5-10 per cent U+Th...............00c0ee0 2 weeks 
Minerals containing 1-5 per cent U+Th ...............s:0seeee 3 to 4 weeks 
Minerals containing less than 1 per cent of U+Th............. 4 to 6 weeks 


The lower useful limit is about $ per cent Th or its equivalent. 


Minerals, such as samarskite and its congeners, which are in the metamict state sometimes give 
abnormal pictures. A “ spotty’ effect may be found where a considerable proportion of the radio- 
activity appears to be localized against a uniform fainter background. Yagoda attributes this to the 
formation of radiocolloids, where radium as such is concentrated. He is continuing work on this 
phenomenon. 

In interpreting the radiographs, it will be found often that the outline on the plate is slightly larger 
than the surface of the mineral in contact with the plate, and that the outline is somewhat “ fuzzy.” 


_ This is usually due to alpha-particles that have been emitted from the sides of the specimen and 


have travelled to the emulsion before reaching the end of their air-range. If the outline of the image is 
much blurred, the cause is probably either over-exposure, or movement of the specimen on the plate. 

Parenthetically we may remark that the techniques above outlined do not apply to the problem 
of the radioactive content of rocks, except for those containing visible (under the binocular microscope) 
amounts of minerals of reasonably high radioactive content. The general problem of the photographic 
determination of the total radioactive content of rocks as such, and the localization therein of the 
radioactive elements has been recently discussed by Mme. Joliot-Curie (1946), and very recently 
tested, with interesting results by Poole and Bremner (1948). 


DESCRIPTION OF PLATES 


Some typical effects may be seen in the figures on Plates I and II. 

Fig. 1 (PI. I) shows one medium-sized and several small fragments of a non-radioactive mineral 
(hornblende) included in an otherwise homogeneous allanite mass from Friar Mountain, Amherst 
County, Virginia, U.S.A. In the hand specimen they are somewhat difficult to distinguish. Exposure— 
3 weeks. Analysis: U = 0-08 per cent; Th = 1-25 per cent. 

Fig. 2 (Pl. I), a 1-week exposure of a fragment of a monazite crystal—incidentally from the largest 
single crystal of monazite on record—from Mars Hill, North Carolina, U.S.A., shows a relatively 
uniform distribution of the radioactive content in the main mass, crossed in nearly opposite directions 
by two sets of fractures. Along one set Th + U have been leached out, along the other set they have 
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been concentrated or introduced. It is difficult to say which set is the earlier, but there have been two 
periods of movement and circulation of waters since the mineral first crystallized. Analysis: 
U = 0:02 per cent; Th = 5-56 per cent. i. 

Fig. 3 (PI. I) is a 48-hour exposure of a specimen of pitchblende from No. 2 Vein, Eldorado Mine, 
Great Bear Lake, North West Territories, Canada, and shows a brecciated ore with inclusions of 
country rock. The pitchblende is apparently a late arrival, as in several places it surrounds other 
minerals without much replacement. The distribution of the radioactivity is quite uniform, showing 
the virtual absence of leaching and of secondary minerals. The original specimen was sawed in two, 
and both sides of the saw-cut ground flat. Analysis: U = 29-39 per cent; Th = <0-01 per cent. 

Fig. 4 (PI. I) is a 2-week exposure of an allanite from Rose Branch, Yancey County, North Carolina, 
U.S.A. The effect on the plate is barely visible. 

Fig. 5 (PI. I) is a 34-day exposure of the same sample. The following interpretation may be made. 
Allanite crystallized out from a solution of uniform composition for some time. Relatively suddenly 
the composition of the fluid altered, becoming more dilute in thorium. Leaching or other alteration 
followed, the second material being more readily subject to these processes. Finally fracturing occurred, 
with the introduction of non-radioactive material. Obviously a sample with such a complex history 
as this is, to say the least, of dubious value as material for an age determination by the Pb/U+Th 
method, so it was not analyzed. The Th content of the more uniform material is probably about 
1 per cent. On the original specimen (of which a photograph has not yet been made) the difference 
between the two portions of allanite is not detectable. 

Fig. 6 (PI. I), a 1-month exposure of an allanite from Spruce Pine, North Carolina, U.S.A., shows 
material so badly leached, filled with non-radioactive material, and un-uniform in composition as to 
be worthless, either for age measurement, or for study as a sample of allanite. It is included as an — 
horrible example. 

Fig. 7 (PI. I), made by Dr. Herman Yagoda, who has kindly permitted its reproduction, is an 
example of his technique. The lower left corner shows a bakelite mount containing several chips of 
minerals whose U + Th content is known from chemical analysis. The upper left corner is a similar 
mount of a fragment of allanite from Friar Mountain, Amherst County, Virginia, U.S.A.—not the 
same sample as in Fig. 1—showing “ radiocolloids.”” The upper right corner is a mount containing ~ 
some small chips of allanite from Greenwich, Massachusetts, U.S.A., which carry inclusions of 
quartz. The lower right corner carries two fragments of a very weakly radioactive, apparently not 
wholly homogeneous, allanite from Mount Adam, Rockland County, New York, U.S.A. Dr. Yagoda 
has estimated by photometric comparison with the “‘ known ’”’ samples that the Greenwich allanite 
carries about 3 per cent U or its equivalent. Chemical analyses by the writer, still in process, indicate 
1-55 per cent Th + 0-09 per cent U, or a total of 0-65 per cent U equivalent. 

Fig. 8 (PI. IT), a three-week exposure of three crystals of allanite from Whiteface Mountain, Essex 
County, New York, U.S.A., shows a relatively uniform distribution of the radioactive content, and 
a virtually complete absence of leaching, enrichment, fracture, or alteration products. The small 
specks may be “ radiocolloids,” but the material is reasonably anisotropic, so apparently not metamict. 
Analysis: U =0-07 per cent; Th =1-07 per cent. 

Fig. 9 (Pl. IH) is a 69-hour exposure of an uraninite with alteration products from Boqueirao, Rio 
Grande do Norte, Brazil. Four fragments of different size are present. Note that the uraninite either 
contains more uranium than the alteration products, or else that the alteration products contain ions 
having a greater absorptive power for alpha-radiation than does the unaltered uraninite. The 
alteration products have affected the plate to a lesser degree than the fresh mineral. Also note that it 
appears possible by careful picking to get unaltered material for analysis. This was successfully 
accomplished in actual practice. This uraninite contains 77-78 per cent U; 0-35 per cent Th. 

The writer acknowledges the kindness and courtesy of the United States Geological Survey, the 
United States National Museum, and of Dr. Herman Yagoda of the National Institute of Health 
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for exposing and developing the original plates and making the original prints, Dr. Vesodh has also 
. assisted in the interpretation of some of the features shown thereon, The analyses were made by 
_ the writer in ug laboratories of the Survey and of the Museum. 
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NOTE ADDED IN PROOF 


Since this paper was delivered, Dr. Herman Yagoda has published a full account of the technique of mineral auto- 
radiography in Radioactive Measurements with Nuclear Emulsions (Wiley, New York; Chapman and Hall, London, 1949). 
Interested workers should consult especially Chapters 3 and 7 of this authoritative work. 
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A GEOCHEMICAL METHOD OF 
PROSPECTING FOR ORE DEPOSITS 


By STANKO MIHOLIC 
Yugoslavia 


ABSTRACT 

It has been shown elsewhere (Economic Geology, in print) that there is a certain parallelism between the geologic age 

of a system of joints and faults and the mineral deposits connected with them. In order to determine the age of sucha ~ 

system, the age of igneous rocks formed simultaneously is determined by a radioactive method. Besides the classical 

method based on the determination of uranium, thorium and lead, a much quicker and more convenient method based 

on the radioactive transformation of rubidium into strontium can also be used. When the age of the system is thus deter- 

mined, the determination of heavy metals (other than iron and manganese) in mineral and thermal waters of the region 

gives an additional hint. The method has been applied with success in 1940 while prospecting for copper in Northwestern 
Croatia. 


S known ore deposits are being depleted more or less rapidly, the task arises to discover new 
A deposits in places where there are no visible outcrops. Several geophysical methods have been 
developed for this purpose and are widely used. Lately some geochemical, biochemical and 
geobotanical methods have also been described. There is still another geochemical method that 
might prove of some use, particularly in countries where the geological conditions are less well known. 
As has been shown elsewhere (Miholi¢, 1947) a certain parallelism exists between the geologic age of 
the joints and faults and the mineral deposits connected with them. 

In order to determine the age of a system of joints and faults, the age of igneous rocks connected 
with them is determined by a radioactive method. Contrary to the current practice where generally 
radioactive minerals are isolated and their age determined, the author uses an average sample of the 
rock itself. This method has its advantages and drawbacks. The advantage is that the determined 
age shows a better average, while determinations of age on radioactive minerals have shown, that 
even different layers of the same crystal show a different age. The differences between the outer layer 
and the core of a crystal amount sometimes to 10 per cent (Alter and Yuill, 1937). The drawbacks on 
the other hand lie in the fact, that the elements relevant to the determination of age by radioactive 
methods as a rule occur in rocks only in very minute quantities and their analytical determination 
offers therefore considerable technical difficulties. 

The author uses in his investigations two radioactive methods. There is first the well known “‘ lead ” 
method based on the determination of uranium, thorium and lead. Here particularly the determination 
of lead in rocks has proved difficult. The problem was solved by a very satisfactory polarographic 
method, already applied by the author in the determination of lead in mineral waters (Miholié, 1945). 
Owing to the very small amount of lead contained in the samples, no attempts have been made to 
determine the atomic weight of the lead thus isolated. F. E. Wickman (1943) however, has shown 
that the ensuing error due to pre-existent ordinary lead is not so great as to impair seriously the 
applicability of the method for the present purpose. 

The second method applied by the author is a method developed by O. Hahn (1938) and based 
on the determination of the ratio Rb/Sr by a spectrographic method. This method is much quicker 
than the first one and allows a great number of determinations in a relatively short time. The method 
is however, comparatively new, yet undeveloped and applied hitherto but to a very small number of 
samples. Should it prove generally applicable it would become the method of choice. Detailed 
description of the technique employed in the determinations will be published shortly elsewhere. 
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__ When thus the age of a system of joints and faults is established, then the content in heavy metals 


in mineral (and especially thermal) waters of the respective region is determined. A polarographic 


method has proved very appropriate for this kind of work (Miholié, 1945). Mineral waters give usually 


a fair averagé of the mineralization of the deeper strata of the area under investigation. 
The method has been applied practically in 1939-40 while searching for some ore deposits in 


_ Northwestern Croatia. On the northern foot and on the slopes of Mt. Ivanéica there are two parallel 


faults. The northern one, stretching far to the West, is marked by a.series of occurrences of andesites 


_ (Jesenje, Kameni Vrh, Laz, the Upper Valley of Bistrica) and dacites (Jesenje, Ves) (Gorjanovié, 


1904). Their petrography has been studied by M. KiSpatié (1909). The fault was formed during the 
Upper Jurassic or Lower Cretaceous (Poljak, 1942), but partly reactivated in Miocene. Along the fault 
there are occurrences of zinc ore (mainly smithsonite), particularly near Ivanec, where there are also 
traces of lead (Lipold, 1861). In the middle of the nineteenth century the deposits near Ivanec 
have been worked on a small scale for zinc, but the exploitation has long since been abandoned. 

_ The southern fault, running higher up on the northern flank of Mt. Ivantica, is older and marked 
by effusions of melaphyres (Mt. Oéura, Getkovec, Topolje, the Upper Valley of Zeljeznica) (Gorjano- 
vic, 1904). The rocks are less well known and the exact age of the fault has not yet been determined. 

_ The mineral waters connected with this system of faults, as far as they have been investigated 
(Dobrna, Gabernik, Kostrivnica) contain the following heavy metals (in decreasing quantities): 
zinc, lead and copper. No deposits of copper were known to exist. Still the age of the southern fault 
and the content of copper in the mineral waters connected with the faults indicated a possibility of 
such occurrences. Searches were made therefore along the southern fault line. Finally at Mt. Otura 
limonites were found containing 0,20—1,12 per cent of Cu. The enemy invasion of the country in 
1941 stopped further work, which has not yet been resumed. 
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 SERPENTINES ET SERPENTINISATION 


By J. M. COTELO NEIVA 
Portugal 


‘ é / : ABSTRACT 


The serpentines have generally a mesh texture and rarely fibrous lamellar (felted), serpophitic, spherulitic aid semi- 
spherulitic texture. 
~ Among the essential serpentinous ee it has been possible to classify the following types: (a) serpophitic; 
(b) bastitic; (c) chrysotilic; (d) antigoritic; (e) chrysotilic-bastitic; (f) antigoritic-bastitic; (g) chrysotilic-antigoritic; 
(h) -chrysolitic-serpophitic; (i) antigoritic-serpophitic; (j) chrysolitic-serpophitic-bastitic; (k) chrysotilic-serpophitic- 
antigoritic; (J) chrysotilic-antigoritic-bastitic; (7m) serpophitic-antigoritic-bastitic; (n) chrysotilic-antigoritic-serpophitic- 
bastitic; (0) chloritic.: 


The serpentines have, as accessory minerals, magnetite, and other ferriferous pigments and, incidentally, chromite, 


picotite, pleonaste, talc, clinochlore, tremolite-actinolite, magnesite and calcite. 

By their chemistry the serpentines are ortho-metamorphic rocks as a result of metamorphism from rocks of calc- 
alkaline chemistry of the family of the peridotites; of the serpentines analyzed some have peridotitic and the others 
koswitic chemistry. 

-_ The serpentinization may be supergene and hypogene, but predominantly hypogene. 

I may suggest the possibility of explaining the hypogene serpentinization in the solid condition by diffusion of H~ 
ions through crystalline structures, that migration happening in connection with the final activities of differentiation of 
the peridotitic magma. This would explain the tendency to the homogeneity of serpentines and the unchanging volume 
of the material that underwent the serpentinization. 


I. LES SERPENTINES 


ibe le district de Bragance, région NE du Portugal, affleure un massif de péridotites et de. 
serpentines. 

Dans ce massif, on trouve toutes les gammes de passage des péridotites bien conservés a les 
serpentines complétes. L’étude géologique et pétrographique de ces serpentines m’a permis de 
systématiser la classification de ces roches et d’envisager le probléme de la serpentinisation. 


MacroscopiE.—Les serpentines du district de Bragance se montrent massives, denses, en général 


de. structure homogéne, et souvent avec des cristaux de chromite. 

La texture en mailles est bien visible macroscopiquement dans les serpentines les plus altérées et 
superficielles, rappelant la peau des ophidiens. En profondeur, les serpentines sont vert noir, 
homogénes, et a la surface leur couleur est variable, quoique dans la région dominent celles de couleur 


vert noir. En-plus des serpentines de cette couleur, on en rencontre d’autres avec diverses tonalités’ 


de vert, de gris, de rouge, de rouge vineux, de jaune et diverses combinaisons de ces couleurs. 

Microscopie.—Au point de vue de la texture, il est possible de distinguer divers types de serpen- 
tines. 

Cependant, la texture dominante, générique a la plupart des serpentines du district de Bragance, 
c’est la texture en mailles. Les mailles sont limitées par des filets de chrysotile ou de serpophite. Quant 
a leur forme, elles peuvent €tre de section triangulaire, carrée, elliptique ou arrondie; elles sont de 
taille variable, et, parfois, on remarque que les grandes mailles se subdivisent en mailles plus petites. 

Les mailles sont remplies par la serpophite, par l’antigorite, par serpophite + antigorite, ou par 
serpophite + antigorite + chrysotile; ces minéraux étant ou non accompagnés par la chlorite et 
fréquemment par la bastite. 

Parfois les mailles sont de dimensions plus grandes et pleines de fibres paralléles de chrysotile. 

Il est également fréquent qu’on ne trouve pas de mailles dans les serpentines et que les minéraux 
serpentineux se trouvent en agrégats fibro-lamellaires, rappelant le feutre. 
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Il existe des cas ow les mailles sont en petite quantité et la roche est presque totalement formée 


i _ de serpophite, 


i Plus rarement, dans les serpentines chloritiques, on rencontre l’arrangement sphérolitique des 
minéraux serpentineux (exemple: serpentine d’une traverse de la mine d’Abessédo). 

J'ai rencontré rarement l’antigorite avec une disposition fibro-radiée totale, qui conférait également 
une curieuse texture sphérolitique a certaines portions de serpentine (exemple: serpentine de la mine 
de Conlelas). 

Parfois les oxydes pigmentaires, exsudés au moment de la serpentinisation, donnent, en lame mince, 
la couleur jaune brun 4 certaines portions des serpentines, avec diverses tonalités, ce qui confére, 
dans certains cas, une “ ring-structure” nette 4 chacune des mailles remplies par la serpophite 
(exemples: quelques serpentines de Cabeco das Beatas). 

Au point de vue minéralogique, c’est-a-dire en fonction du minéral ou des minéraux serpentineux 
prédominants, il m’a été possible de distinguer les types suivants de serpentines, qui représentent des 
espéces de serpentines dans une systématique naturelle: ; 

(1) Serpentine serpophitique. Exemples: petit affleurement entre Ornovale et Bogueiro. 

(2) Serpentine bastitique. Exemples: en un point de la galerie inférieure de la mine d’Abessédo. 

(3) Serpentine chrysotilique. Exemples: en divers points des travaux miniers d’Abessédo; 
et en de rares points de Cabego das Beatas. 

(4) Serpentine antigoritique. Exemples: quelques serpentines de la mine de Conlelas et de 1.600 m. 
N. 80° W. de la Chapelle de S. Bartolomeu. 

(5) Serpentine chrysotile—bastitique. Exemples: prés du front de la galerie inférieure de la mine 
d’Abessédo. 

(6) Serpentine antigorite—bastitique. Exemples: quelques échantillons recueillis en quartre 

_ points des galeries d’Abessédo. 

(7) Serpentine chrysotile—antigoritique. Exemples: échantillons de trois points localisés dans. 
les travaux de la mine d’Abessédo. 

(8) Serpentine chrysotile—serpophitique. Exemples: en deux points d’une traverse de la mine 
d’Abessédo. 

(9) Serpentine antigorite—serpophitique. Exemples: en de rares points des travaux des mines. 
d’Abessédo et de Cabeco das Beatas. 

(10) Serpentine chrysotile—serpophite—bastitique. Exemples: quelques exemplaires recueillis 
dans les galeries de la mine d’Abessédo, dans les galeries de la mine de Conlelas, 4 120 m. 
N. NE. du point mine Abessédo 1°, et d’un point d’une galerie de Cabego das Beatas. 

(11) Serpentine chrysotile—serpophite—antigoritique. Exemples: en divers points des galeries et 
des puits des mines d’Abessédo, Terence et Cabego das Beatas, en quelques affleurements 
d’Abessédo, dans un petit affleurement entre Colado et Bogueiro, sur la rive gauche du 
Tuela, au NW. d’Alto do Bogueiro. 

(12) Serpentine chrysotile—antigorite—bastitique. Exemples: en de rares points des galeries de 
la mine d’Abessédo; et a Viscovelo. 

(13) Serpentine serpophite—antigorite—bastitique. Exemples: affleurement de Zido (Vinhais), 
et en deux points des galeries de la mine d’Abessédo. 

(14) Serpentine chrysotile—antigorite—serpophite—bastitique. Exemples: échantillons recueillis 
en divers points des galeries des mines d’Abessédo, Terence et Cabeco das Beatas; dans une 
éminence 4 environ 1.550 m. S. SW. de Carvalhais; entre Arranjada et Vale Murelo; a 
Regada; 4 450 m. au N.W. du haut de Colado; carriére Pires Quintela (Bragance); et en 
quelques affieurements sur la route Portelo—Moinho dos Padres. 

(15) Serpentine chloritique. Exemples: échantillons recueillis dans une traverse de la mine 
d’Abessédo et en un point de la galerie de la mine de Conlelas. 

Comme minéraux accessoires normaux on trouve dans les serpentines: de la magnétite et d’autres 


pigments ferriféres. 
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- PART II: PROBLEMS OF GEOCHEMISTRY 


Comme minéraux accessoires accidentels, j’ai trouvé de la chromite, picotite, ee talc, ~ a 


clinochlore, trémolite—actinolite, magnésite et calcite. 

Dans les serpentines, j’ai inclus les schistes antigoritiques, qui ne sont que des serpentine anti- 
goritiques avec un aspect visible de schistosité. 

De méme j’ai considéré les schistes talc-antigoritiques, comme des serpentines antigoritiques 
talqueuses, c’est-a-dire, des serpentines antigoritiques ayant accessoirement une plus ou moins grande 
quantité de tale qui a remplacé partiellement Panne, 


Une fois notés les différents types de serpentines que j’ai considérés en fonction de leur composition _ 


minéralogique, il est facile aux pétrographes d’imaginer leur aspect microscopique. Je vais donc rappor- 


ter seulement l’aspect que présentent les minéraux dominants dans les serpentines du district de 


Bragance. 

Chrysotile Il y a des serpentines dans lesquelles ce minéral est vraiment abondant et des exemples 
ot il est le seul minéral existant. Il se montre en filets étroits généralement du type “ cross-fibers,” 
plus rarement “ longitudinal-fibers.” On trouve chrysotile a constitué par des fibres négatives, et du 
chrysotile 6 formé par des fibres positives. Il y a des serpentines avec des mailles rectangulaires 
allongées, dans lesquelles celles-ci sont remplis par des fibres de chrysotile disposées parallélement 
mais perpendiculairement a l’allongement. 

Antigorite—Elle est trés fréquent dans les serpentines et s’offre vulgairement comme minéral 
essentiel. Elle est incolore. On la trouve généralement en agrégats fibro-lamellaires. Parfois les 
cristaux d’antigorite s’agrégent de fagon a rappeler le feutre. Les cristaux d’antigorite prennent, 
parfois, un curieux arrangement; ils se distribuent en amas paralléles et perpendiculaires, donnant 
lieu 4 une “ knitted-structure ” bien visible, en nicols croisés, comme par exemple dans la serpentine 
a 1.600 m. N. 80° W. de la Chapelle de S. Bartolomeu. L’association de l’antigorite avec de la bastite 
et du clinochlore est fréquente. 

Bastite—Elle s’offre presque incolore, trés légerement verdatre, avec un trés léger pléochroisme. 


Elle s’est formée généralement par alteration de pyroxénes. Trés souvent, elle présente une structure 
lamellaire, avec un allongement positif et elle est biaxe négative. Fréquemment, l’arrangement 
paraléle des fibres est net, étant accompagné de poussiéres de magnétite. ; 

Serpophite—Elle se trouve généralement associée 4 l’antigorite. Dans quelques serpentines elle 
s’offre comme minéral essentiel. Elle est amorphe et de faible biréfringence. Elle forme des veinules 
ou bien elle remplit totalement les alvéoles des serpentines. 

Pénine.—En général, elle est lamellaire, blanchatre, légerement pléochroique. Elle se forme par 
altération de |’édénite des péridotites, apparaissant parfois comme des agrégats fibro-lamellaires. 

Ce n’est pas un minéral que I’on rencontre dans la majorité des serpentines. 

Clinochiore.—I\ est plus fréquent que la pénine, mais il n’est pas non plus générique a la majorité 
des serpentines. Il est lamellaire, blanc, d’aspect micacé, et trés souvent il s’entreméle de magnétite. 

Magnétite.—Elle est exsudée en ponctuations, en petits batonnets ou acicules et en globules. Au 
coeur des veinules de chrysotile et de serpophite, on trouve souvent de la magnétite globuleuse ou 
formant la région centrale d’une veinule zonée. 

La magnétite montre parfois une disposition filiforme, cates par des cristaux lamellaires de 


clinochlore. Elle prend aussi un curieux aspect arborescent, dendroide. La magnétite s’entreméle 
fréquemment d’antigorite. 


CHIMISME.—La serpentine de la carriére Pires Quintela, district de Bragance, présent les caractéris- 


tiques minéro-pétrographiques suivantes: formé d’antigorite, de bastite et de serpophite, accompagnées 
de poussiéres de magnétite et accessoirement de quelques cristaux de chromite. Elle offre des régions 
ou domine la serpophite et des portions ot domine l’antigorite. 
Elle a en certaines portions une structure en mailles, les parois des mailles étant formées par 
oe veinules de type “ cross-fibers ” de chrysotile. C’est une serpentine antigorite—serpophite— 
astitique. 
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___. La serpentine de Alto da Cruz, région de Donai, Bragance, est essentiellement formée d’antigorite. 


Celle-ci se montre partiellement métasomatisée par du talc. La calcite s’offre en plages allotrio- 
morphes et offre des inclusions d’antigorite. J’ai trouvé aussi un peu de bastite. Des pigments de 
magnetite et quelques petits cristaux allotriomorphes de ce minéral et de chromite apparaissent aussi. 
C’est une serpentine antigoritique talc-carbonatée. | 


1 Z 
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1. Serpentine antigorite-serpophite-bastitique de la carriére Pires Quintela (Bragance). 
2. Serpentine antigoritique-talc-carbonatée, de Alto da Cruz (Donai). 


J’ai calculé les nombres de Niggli, lesquels sont respectivement: 


c 
{ si al fm: 'c alk ok mg ti p qz Coupe 
1 fm 
56 0:5 99 0 0:5 0 0-85 0-4 0 —46 0 I 
Cc 
si al fm c alk k mg ti p qz — Coupe 
p. fm 
73°5 1 68 30 1 0 0-80 0-1 0-1 —30:5 0:44 IV 


Le chimisme de la serpentine antigorite-serpophite-bastitique de la carriére Pires Quintela est 
celui du magma peridotitique. 

La serpentine antigoritique talc-carbonatée de Alto da Cruz se projette dans le champ éruptif 
du tétraédre al-fm-c-alk de Niggli sur la projection du magma koswitique au chimisme duquel il 
s’affilie. 

Il. LA SERPENTINISATION 

Jai indiqué au début que les roches péridotitiques de la région de Bragance—Vinhais présentent 
les gradations les: plus variées de serpentinisation. Il est possible également de suivre, en certains 
endroits, des passages latéraux des péridotites frais 4 des péridotites partiellement serpentinisée et de 
ces derniéres 4 des serpentines completes. Il est possible, aussi, par l’étude de lames minces de 
différents aspects de serpentinisation, d’admettre la sequence des états successifs d’altération. 

La serpentinisation de l’olivine débute dans les fractures des cristaux et va élargissant son action 
peu a peu et ainsi surgissent les aspects veinulaires de l’altération de l’olivine. 

Ces veinules sont formées par des fibres de chrysotile disposées, en général, transversalement a 
lorientation des veinules. Au moment de la formation du chrysotile, il y a eu exsudation de magnetite 


qui se présente finement granulaire dans la région centrale des veinules. 
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Il y a des veinules qui, dans la région centrale, presi de la pate isotropique, incolores 
ou légerement jaunatre, 


Il ya aussi des veinules de serpentine qui se montrent compacts; avec des couleurs de polarisation 


trés vives, et qui dans les marges offrent une structure fibreuse. 

La serpentinisation de 1’olivine débute dans les fractures principales et, ensuite, elle passe aux 
fractures secondaires formant un réseau de mailles polygonales qui, 4 mesure que la serpentinisation 
se developpe, prennent une configuration elliptique ou circulaire. Les mailles d’olivine se serpentinisent 
peu a peu, et s’altérent en fibres de chrysotile, qui se montrent entrecrois¢es et semblent dériver par 
irradiation des fibres de chrysotile des veinules ci-dessus indiquées. 

Parfois les alvéoles d’olivine s’altérent en serpophite, incolore, isotropique, transparente, sans type 
quelconque de structure résoluble. 

D’autres fois se produit l’altération des mailles d’olivine en antigorite, de structure fibro-lamellaire. 
Dans quelques lames minces, il est possible d’observer conjointement antigorite, serpophite et 
chrysotile enveloppant des restes de cristaux d’olivine. 

Au moment de la serpentinisation de l’olivine il y a exsudation de magnétite, minéral qui en général 
prend une forme granulaire, mais, parfois, aciculaire ou de petits batonnets abondants dans quelques 
mailles ou alvéoles de serpentine, prédominant surtout dans celles de nature serpophitique. 

Dans des roches péridotitiques avec de l’enstatite, il est possible de rencontrer divers stades 
d’altération de ce minéral en bastite. Cette altération est centripéte. Les fibres de bastite commencent 
leur formation sur les bords des cristaux d’enstatite ou de bronzite, et, peu a peu, elles substituent la 
pyroxéne. Cette altération est accompagnée d’exsudation de magnétite, plus abondante quand il 
s’agit de bronzite. Dans le cas de ce minéral, il est curieux que, parfois, l’exsudation de magnétite 
se fait de maniére a ce que cette derniére reste orientée dans le métasome bastitique et laisse bien visible 
la position du cristal primitif de bronzite. 

Dans les péridotites ot apparait de l’édénite, on constate que l’altération que présente celle-ci 
est de nature chloritique. La chlorite se forme le long des plans de clivage et sur les bords des cristaux. 

Il est possible de rencontrer divers stades de gradation de cristaux inaltérés d’édenite en cristaux 
quasi totalement altérés en chlorite. 

Dans quelques serpentines on trouve des cristaux de tale et de trémolite—actinolite, mais ces 
minéraux sont ultérieurs a la serpentinisation, ce que l’on peut dire également au sujet de la magnésite 
qui apparait parfois. 

Les modifications et les altérations que la chromite a soufferte au moment de la serpentinisation, 
dans les serpentines et parfois dans les chromitites de la région Bragance—Vinhais, ont été: fracturation, 
cataclastisme et séparation, en grains, des cristaux de chromite. 

Quant 4 l’origine des serpentines, on a présenté diverses hypothéses. 


Selon quelques-uns la serpentinisation n’est q’un aspect de l’auto-métamorphisme, dans lequel les 
solutions actives ont eu leur origine dans le magma ultra-basique (Hess, 1933). 

Il y a des auteurs qui attribuent la serpentinisation 4 un métasomatisme provoqué par des solutions 
qui tirent leur origine dans les intrusions granitiques proches des intrusions ultra-basiques et 
ultérieures 4 celles-ci (Keep, 1929). 

D’autres, pour expliquer l’occurrence de larges formations serpentineuses, non associées A des 
gabbros, sont portés 4 admettre un magma serpentinique—gel serpentinique avec des cristaux et des 
fragments d’olivine—formé par hydration de péridotites du type accumulatif et dont l’ascension peut 
s’'admettre grace a des troubles a ’époque de mouvements orogéniques (Shand, 1943), 


Il y a encore ceux qui croient que la serpentinisation est purement supergénique (Lacroix, 1943) 
et d’autres qui admettent une origine mixte, supergene—hypogénique* (Benson, 1918). 


*W. N. BENSON se référe a diverses hypothéses explicatives de serpentinisation, commes jusqu’a 1918, et il opte pour 
Phypothése de la serpentinisation hypogénique. 
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Dans la région Bragance—Vinhais on peut considérer deux aspects de serpentinisation: super- 
génique et hypogénique. 

J’ai constaté, en divers endroits, que la serpentinisation va diminuant lentement avec la profondeur 
(exemple: Carrazedo). En outre, il y a des aspects typiques de processus de serpentinisation supergénique 
et tellement connus des mineurs de la région, comme par exemple 4 Carrazedo, qui aprés extraction 
du minerai chromitique, ils l’exposent a l’air pendant quelques mois afin que l’olivine se serpentinise, 
car, augmentant de volume par serpentinisation (augmentation qui varie de 15 pour cent 4 72 pour 
cent), elle permet une facile désagrégation du minérai ainsi que la préparation et la concentration plus 
efficace de la chromite. 

L’augmentation de volume, par serpentinisation supergénique, pourra méme expliquer les plis 
a grand rayon de courbure qu’on remarque dans la zone superficielle de diverses formations serpen- 
tinisées, lesquelles je n’ai pas rencontrées en profondeur. Néanmoins, cela ne veut pas dire qu’elles 
ne peuvent pas prendre origine dans un processus tectonique, vu que la serpentine est un matériel 
plastique par excellence; il est possible que quelques-uns des plis tirent leur origine des mouvements 
hercyniques, car il y a des plans axiaux de ces plis qui s’orientent dans la direction NW.—SE. 


La serpentinisation supergénique se fait ‘‘ per descensum,” les minéraux des péridotites étant en 
contact avec une phase acqueuse. Celle-ci forme une pellicule trés fine entre les cristaux des minéraux 
des péridotites, émigrant jusqu’a la profondeur. 

Les réactions suggérées par la serpentinisation, d’une maniére générale pour tous les types, hypo- 
génique et supergénique, et celle 4 laquelle Hess (1933), se référe, sont: 


2 SiO, Mg, + CO, + 20H, — Si, O, H, Mg, + CO, Mg 


Forsterite Serpentine Magnesite 
3 SiO, Mg, + SiO, + 4 OH, ~ 2 Si, Op Hy Mgz 
Forsterite Serpentine 
SiO, Mg, + SiO,;Mg + 2 OH, ~ Si, O, Hy Mgz 
Forsterite Enstatite Serpentine 
3 Si, Og Fe Mg, + 6 OH, + O ~ 3 Si, O, H, Mgz + Oy Fes 
Olivine magnesienne Serpentine  Magnetite 


Dans le cas de la région Bragance—Vinhais—Morais, a premiére vue et spécialement par la présence 
de magnésite, la premiére équation est satisfaisante pour Cabeco das Beatas et Morais, mais non pour 
beaucoup d’autres occurrences de serpentine. Et en outre, comme je l’ai vérifié, la magnésite est 
ultérieure 4 la serpentine car elle la traverse en filons et je crois qu’elle est provoquée par altération 
hydrothermale produite par une différenciation du magma granitique assez ultérieure. 

Hess généralise Ja second réaction et l’applique a tout les cas de serpentinisation et ne donne 
importance, attendu que ce sont des exceptions, a les deux derniéres réactions. 

Il est vrai que, dans la région Bragance—Vinhais—Morais, la derniére réaction doit se rapprocher 
de la réalité, car tous les aspects de serpentinisation supergénique que j’ai observé ont toujours été 
accompagnés d’exsudation de magnétite. Celle ci se montre en formations ponctuées ou en batonnets. 

En outre, comme le rapport Fe,O,/FeO est plus grand dans les serpentines que dans les roches 
ultrabasiques correspondantes inaltérées, on peut admettre la présence de ’'O au moment de la 
serpentinisation. 

Je suis convaincu que cette réaction a joué un grand réle dans la serpentinisation des roches ultra- 
basiques braganciennes et se serait opérée sous l’influence de conditions supergéniques et qu’en aucun 
cas il ne s’agit d’autométamorphisme. 

Mais la majorité des serpentines de la région Bragance—Vinhais—Morais, doit avoir une origine 
différente, car ce sont des minéraux d’une fort probable serpentinisation hypogénique (chrysotile £, 
antigorite f et bastite) qui prédominent dans ces roches, comme j’ai pu le reconnaitre a divers 


processus. 
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- PART II: PROBLEMS OF GEOCHEMISTRY _ 


L’existence de serpentines 4 une grande profondeur, comme dans les travaux d’Abessédo, etle 
_ passage graduel et latéral de ces roches a des péridotites parfaitement conservées, portent a supposer ee 
serpentinisation hypogénique par autométamorphisme et a nier l’existence d’un magma serpentinique. 

Hess ne croit pas, d’aprés ses études au terrain, en un grand changement de volume au moment de 
la serpentinisation et il admet celle-ci comme étant de nature autométamorphique (Hess, 1933). 

. Et, il en est ainsi, le résidu magmatique originaire de la serpentinisation était dans les pores et les 
canalicules capillaires et sous-capillaires de la roche ultrabasique, et représenterait le dernier stade du 
cycle de l’activité ignée ultrabasique. A l’époque de la serpentinisation, par réactions de ce liquide 
de différenciation avec l’olivine, se seraient formés des minéraux serpentineux au lieu de pyroxénes 
et il y aurait eu une légére décroissance de volume. Cela aurait permit l’ouverture de fentes étroites 
dans les roches ultrabasiques, encore imparfaitement consolidées; elles auraient été remplies par des 
réstes de la dite solution magmatique qui aurait donné origine a des veinules de chrysotile observables 
en divers endroits. L’immobilité de la solution magmatique est défendue par Hess, qui croit que cette 
solution contiendrait une quantité relative d’eau provenant des roches a travers lesquelles le magma 
ultrabasique a fait irruption. ; 3 

Pour cela, il se fonde sur l’inexistence de métamorphisme de contact autour des intrusives ultra- q 
basiques. Or c’est cela justement qui ne correspond pas a une réalité, vu que les aspects de métamor- 
phisme de contact provoqués par les intrusions ultrabasiques sont vulgaires et intenses dans la région a 
Bragance—Vinhais—Morais; ces aspects ont comme minéral typomorphe la grenade. Les : 
amphibolites ou les schistes en contact avec des roches ultrabasiques présentent des grenades dans 4 
’auréole de métamorphisme de contact. 

Dans la serpentinisation hypogénique, ainsi que dans la supergénique, des minéraux anhydre 
se sont transformés en mineraux hydratés, dans la formation desquels intervient le radical OH. Pas 
conséquent, on peut dire que les réactions de serpentinisation se sont effectuées dans une phaser 
fluide, type de pellicule intergranulaire, et qu’il est probable que la mobilité de cette phase ait été 
favorisée par des déformations tectoniques orogéniques. 

Quand un minéral riche en hydroxile est converté en un minéral anhydre ou vice-versa, Bugge 
(1946) considére comme improbable que l’ion OH™ se répande 4 travers la structure cristalline, mais 
il admet sa migration ou celle de OH,, comme pellicule intergranulaire. 

En outre il trouve inutile de supposer la diffusion de OH~ vu que l’hydratation peut s’expliquer 
également par diffusion des ions Ht. On a constaté expérimentalement que les ions H+ ont un grand 
pouvoir de diffusion en divers silicates (Bugge, 1946). 

Je crois que par un processus de diffusion a l’état solide, on peut expliquer la serpentinisation 
hypogenique. Les ions H* émigreraient a travers les structures cristallines des silicates magnésiens, 
et cette migration serait en connexion avec les activités finales magmatiques de “‘ rest-magma” de 
différenciation du magma péridotitique. Il est possible que se soit produit la réaction suivante: 

5 SiO, Mg, + 8 H+ = 2 Si,OgH, Mg; + SiO, + 4 Mg?+ 

Cette réaction hypothétique s’éffectuerait de telle maniére que, tandis que H+, venu du milieu 
externe, était introduit par diffusion, Mg?+ serait transporté et pourrait donner origine, dans certains 
cas, a des substitutions dans les régions contigiies en transformant le diopside en enstatite: 

Si,0,MgCa + Mg?* = Si,O,Mg, + Ca®+ 
en certains lherzolites. 

Il s’éléve un doute sur la possibilité de la migration des ions H* 4 travers les structures cristallines 
sur une aire si large et si étendue. Je crois que cela est possible, quoique la migration de la matiére 
a une grande distance a travers les structures cristallines soit encore du domaine des hypothéses de 
generalisation. Néanmoins, cette migration expliquerait la tendance 4 l’homogénéité de la serpen- 
tinisation dans son ensemble; et, en outre, cela expliquerait aussi l’immutabilité de volume du matériel 
quia été serpentinisé 4 une grande profondeur; le probléme del’espace cesserait ainsi de nous préoccuper. 
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NEIVA: SERPENTINES ET SERPENTINISATION 
Il. CONCLUSIONS ; 


lér.—Les serpentines ont généralement une texture en mailles et rarement fibro-lamellaire (feutrée), 
serpophitique, sphérolitique et semi-sphérolitique. 

2éme.—En fonction du minéral ou des minéraux serpentineux essentiels on a pu distinguer les 
types suivants de serpentines : (a) serpophitique; (6) bastitique; (c) chrysotilique; (d) antigoritique; 
(e) chrysotile-bastitique; (f) antigorite-bastitique; (g) chrysotile-antigoritique; (h) chrysotile-serpo- 
phitique; (7) antigorite-serpophitique; (j) chrysotile-serpophite-bastitique; (k) chrysotile-serpophite- 
antigoritique; (/) chrysotile-antigorite-bastitique; (m) serpophite-antigorite-bastitique; (n) chrysotile- 


-antigorite-serpophite-bastitique; (0) chloritique. 


3eme.—Comme minéraux accessoires les serpentines présentent, généralement, la magnétite et 
d’autres pigmenis ferriféres et, accidentellement, chromite, picotite, pleonaste, talc, clinochlore, 


trémolite-actinolite, magnésite et calcite. 


4éme.—Je consideére les schistes antigoritiques comme des serpentines antigoritiques et les schistes 
talc-antigoritiques comme des serpentines antigoritiques talqueuses. 

Séme.—Par leur chimisme, les serpentines sont des formations ortho-métamorphiques, ayant 
résulté par métamorphisme de roches 4 chimisme calco-alcalin de la famille des péridotites. 

6éme.—La serpentinisation peut étre supergénique et hypogénique. 

7éme.—Il y a des gradations de serpentinisation des péridotites frais aux serpentines completes. 

8éme.—Dans la serpentinisation supergénique la réaction 3 Si,O,FeMg, +6 OH, +O 
3 Si,O,H,Mg, ++ O, Fe; semble étre la plus fréquente. 

9éme.—II est possible d’expliquer la serpentinisation hypogénique par réactions a l’état solide par 
diffusion des ions H* au travers des structures cristallines des silicates ferro-magnésiens, migration 
effectuée en connexion avec les activités finales de différentiation du magma péridotitique. De cette 
maniére s’expliquerait la tendance 4 ’homogénéité des serpentines et l’immutabilité de volume du 
matériel serpentinisé. I] se passerait peut-étre la reaction: 

5 Si O, Mg; + 8 Ht = 2 Si, Op, H, Mg; + Si O; + 4 Mg?*. 
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DISCUSSION 


M. K. WELLS: The use of the term “ serpentine ” is always subject to a certain amount of ambiguity—it may apply 
equally to a rock type or to one of the serpentinous minerals. To avoid this confusion it is suggested that “ serpentine ” 
should be retained as a general term for the minerals, and that “‘ serpentinite” should be adopted for the rock formed 
by them. Comparable terms such as amphibolite, pyroxenite, etc. are already in wide use for sensibly monomineralic 
rocks, so that the addition of the ——“ ite ” termination in this case would give the needed exactness without increasing 
an already overburdened petrographical nomenclature. 
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GEOCHEMISTRY OF SODIUM 


By W. NIEUWENKAMP 
Netherlands 


ABSTRACT 


1. Old computation of age of ocean from its Na-content and the Na-delivery of rivers (Halley 1715, J. Joly 1899) _ 


leads to improbable low value of 10° years. 

2. Balance of yield of Na by decomposition of igneous rocks against total amount of Na in sea (Clarke 1913, V..M. 
Goldschmidt 1937) shows that all sediments together form layer of mean thickness of 2 km. on land. A surprisingly 
small amount as phyllites, paragneisses and granitized sediments have to be included. 

3. Much gneiss and granite are derived from shale by alkali-pneumatolysis. The addition is largely Na, said to come 
like magma from below. 

In (1) and (2) Na is lost, in (3) it has to come from unknown source. It seems natural to suppose a circulation. 

Rejection of primary, juvenile magma, i.e., of the modification to Hutton’s plutonism which has become customary 


during the nineteenth century is compatible with geochemistry, e.g., shale-sand-limestone ratio and meets some other- 


wise insurpassable difficulties and gives new interest to many branches of petrological investigation. 


HE most reliable data of geochemistry are those concerning the ocean. Owing to its homogeneity, 
T its mean composition can be determined with precision. The same is true for its surface. The 
figure for its mean depth, 3800 m., may not be quite so accurate, none the less the values for its 
total mass, 140 x 10% gr., and for the content of Na in solution, 1-07 per cent or 1-5 xX 10” gr., 
have mean errors which are extremely small in comparison with those of other parts of our planet. 
If we try to balance this Na mass with that transported by rivers, etc., we have to content ourselves 
with rough estimates for the latter. Still, by their order of magnitude alone, they sometimes may lead 
to very disturbing or, more optimistically, very significant results. 
» In the beginning of the eighteenth century Halley suggested that the age of the ocean could be 
derived from the rate of delivery of salt by the rivers. Quantitative data were completely lacking at the 
time. Those available in 1899 led J. Joly to a figure of 80 x 10® years, which was then considered a 
probable date for the first condensation of water on the cooling earth. Nowadays it is fairly certain 


that this represents some time about the Upper Cretaceous. In The Age of the Earth, Holmes (1937) . 


enumerates some 10 causes of errors and shows that it is eventually possible to obtain a considerably 
earlier date. An agreement, however, can only be reached by rejection of the principle that present 
conditions are representative of the past: the delivery of Na at the present time should be exceptionally 
high. 

The total mass delivered can be considered, without bringing in time. The calculation was first 
made by Clarke in the second decade of this century. One of the greatest authorities on geochemistry 
repeated it with complete faith—V. M. Goldschmidt 1933. 


100 gr. of mean igneous rock contain 2:8 gr. Na. 
100 gr. of mean sedimentary rock contain 1 gr. Na. 


100 gr. of sediments formed deliver 1-8 gr. Na. 
total mass of sediments formed: 100 x 1-5 x 102/1-8 = 85 x 10” gr. 


According to this result the sediments would form a layer of 2000 m. (6,000 feet) on the land- 
surface of the globe. Actually V. M. Goldschmidt’s calculation takes into account such niceties 
as the difference in weight of igneous rocks and sediments. The loss of Na is overcompensated by 
the gain of CO, and H,O, which makes the mass of sediments slightly greater than that of the 
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decomposed igneous rock. Less than 10 per cent are involved which, in view of the uncertainty of 
the Na-content of sediments, is of no consequence. — 
Of course, the chemically non-decomposed rocks have to be added (arkose, graywacke, tuff) 


but nevertheless the calculated amount of sediments is surprisingly small. It would perhaps be of 


the right order of magnitude if only fossiliferous strata had to be considered. The fact of their later 
on having been submitted to metamorphosis cannot have influenced the earlier process of weathering 
and sedimentation, and therefore all phyllites and mica-schists have to be included, and for that matter 
most of the bulk of gneiss and granite too, in so far as they are considered as derived from sediments. 
(The same material may have gone through the cycle sedimentation—gneissification—weathering— 
sedimentation more than once, which decreases the total calculated mass of sediments). 

The alkali which is added to shales during their transformation into gneiss and granite is believed 
to be of primary magmatic origin. The recognition of widespread granitization processes, which trans- 
forms sediments into igneous-looking rocks, makes the function of the magma less clear than it was 
in the views of the Heidelberg school. Goldschmidt was convinced that igneous rocks are simply 
derived from a juvenile melt and that in metamorphism the migration of chemical elements played a 
very subordinate part, so much so that in connection with his estimation of the total mass of the 
sediments he never once mentions its possibly disturbing influence. This is the more remarkable as 
he has specially drawn the attention to migration in metamorphism by his study of contact phenomena 
in Norway, which showed that an alkali transport must have occurred over a distance of some kilo- 
metres outward around intruded batholiths. At present it is generally believed that in regional 
metamorphism material must have been added on a world-scale: this transport has to consist largely 
of Na. 

The low values found for the age of the ocean and for the total mass of sediments suggest that there 
has been more Na brought into the sea, than there is now to be found, while in metamorphism Na 
comes forward from an unknown source. One is tempted to think of a circulation. 

One of the items on Holmes’s list of factors modifying the calculated age of the ocean is “ the 
possibility that sodium may be returned to the sediments on the sea floor by base exchange.” It is 
difficult to estimate its importance; it might be considerable. Would not it then be natural to suppose 
that this is the Na which is re-encountered in sedimentary gneiss and granite? 

S. J. Shand comes to the same suggestion from the other side of the problem. “ To throw all 
responsibility for the world-wide granitization of sediments upon a hypothetical ichor is not a 
satisfactory solution.’”” He mentions “‘a more prosaic solution; namely the redistribution of alkalis 
by connate water contained in the pores of the sediments ” which would lead to “ the redistribution 
of matter that is already there, rather than the introduction of new matter.” (Eruptive Rocks, 
London 1943, p. 224.) 

The derivation of plutonic and even volcanic rocks from sediments, again advocated by a 
number of modern petrologists, leads to conceptions where magma tends to lose more and more of its 
primary importance. If it now has to be relieved of the Na-transport also, the question arises whether 
there are still functions left for juvenile magma, which are important enough to justify its existence; 
whether it is not possible to explain the facts of observation with nothing but sediments. 

In the original plutonism of Hutton, the magma consisted of remelted sediments. It would be an 
interesting historical study to see how it came about that this origin has been rejected. And then 
to see whether the grounds for this rejection did not become spurious in the light of later acquisitions 
of science. We would then have to consider the data of geology, geophysics, geochemistry and 
petrology in their compatibility with this pan-sedimentary petrogenesis. . 

The whole interest which could be derived from such an investigation, depends on whether anything 
more definite can be postulated, than merely that every rock or lava once has been a sediment. If we 
suppose that sediments were molten on a large scale and thoroughly mixed, this melt could hardly be 
different from juvenile magma, and therefore would provide us with all the usual (lack of) explanations 
of magmatic theories. 
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PART Il: PROBLEMS OF GEOCHEMISTRY __ Og ees 
An attractive point in Hutton’s theory of the earth is uniformitarianism, the belief that present- 


day « conditions are representative of the past, It seems just as true now as in his time, that by “ physical 


inquiry we find no vestige of a beginning.” 

We must not suppose. that at any time there have been large cisterns filled with molten material, 
for geophysics show them to be absent at present; there will not have been more magma in a molten 
state than is needed to feed volcanoes. Here we see it rise to the surface, not with the rush to be expected 
when a big volume of liquid was present, but apparently at the limited rate at which it is formed in 
depth. 

Therefore it is not likely that mixing of molten sediments took place on a large scale. The variation 
in composition of sediments will afford an explanation for the different types of igneous rocks. The 
sorting during sedimentation has to replace the differentiation of the juvenile magmatic theory. This 
of course, offers a ready explanation of the ortho-para convergencies of gneiss, amphibolite, etc. 
indeed so much so, that these would be more apt to draw attention to the pan-sedimentary viewpoint, 
than the geochemistry of sodium, were it not, that they are such a very common thing for every petro- 
grapher. 

For gneiss and granite we have to suppose that Na, adsorbed by clay, is captured in feldspars 
during metamorphosis, and that it escaped from non-metamorphic sediments. 

For the formation of a rock of gabbroid composition from limestone or marl, escape has to be 
supposed of a number of elements; for this case we cannot but admit that this really can take place 
because of the occurrence of undoubtedly para-amphibolites. This escape of material seems to be of 
fairly common occurence, as can be judged from what is constantly brought to the surface by mineral 
springs. A striking example of escape without any sign of qua or quo is also offered by styloliths. 

So much for justifying the following set of rules, which are an attempt to delineate a working basis- 
for the pan-sedimentary principle. 


(1) Uniformity, as strict as possible. (It will of course be hard to deny that at present there is 
less uranium than 3 x 10° years ago.) 

(2) Some materials like CaCO, and other soluble salts, SiO,, ores, move freely: ‘ percolate.” 
It could be explained as movement of a phase, liquid in comparison with the others, under 
the influence of strain. 

(3) Percolating material has a tendency for being gathered together in concretions and veins or 
continues to flow until the surface is reached. 

(4) It does not spread out homogeneously through pre-existing rocks. No homogeneous mass 
(on the scale on which granite may be called homogeneous) is transformed into another 
homogeneous mass by addition of material. 


A few examples will elucidate the sense in which these rules are meant to be taken, and how they 
work. As there often will be occasion for a comparison with the usual primary magmatic, Heidelbergian 
or classical theory, the abbreviations juv for juvenile magmatic and sed for all-sedimentary will indicate 
which of the two is under consideration. 

Let us begin with the geochemistry of sodium. (sed) During geological time, that is since the 
beginning of the record of rocks, the ocean has been about as salt as to-day. The rivers bring in 
salt (a) from weathered rocks, (b) from springs deriving it from deeper seated unmetamorphosed 
sediments. In the long run this is counterbalanced by (c) which is absorbed during sedimentation, 
mainly by clay. This balance is self regulating as it is (c) which is responsible for (a + b). 

(sed) The total mass of sediments is very large, it has no relation to the total mass of the sea-salt. 
The concentration of salt in the sea is governed by this system; when (a + 6) happens to be exception- 
ally large, the concentration of Na in the sea rises, and with it (c), and vice versa. 

Sodium represents a class of its own, in this, that its mobility is generally great, but that it becomes 
fixed in tectosilicates when Si and Al are present. The conditions of temperature and strain must 
favour the occupation by Al of tetrahedral-centres between 4 O-ions. In \clay-minerals this happens 
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only to a very limited extent. Generally at low temperature only minerals with Al® are formed. A 
certain tendency to be held in 4-co-ordination may be recognized in the formation of zeolites, and of 
adularia and albite in low-temperature veins. 

As an example of a substance which is mobile in all circumstances, let us consider the behaviour of 
water. The fresh sediments contain much water; this is almost completely driven out during meta- 
morphosis which (sed) accounts for soffioni, volcanic exhalations, etc. This results in the following 
distribution : plutonic rocks are poor in water, much is included in sediments, extensive independent 
masses are found. 

A tendency towards a similar distribution is found for all mobile or volatile elements, Generally 
there is not much to choose between the explanations of juv or sed. (juv) They are driven out from 
the molten magma at pressure relief or during crystallization. (sed) They escape during metamorphosis. 

Extreme cases are represented by chlorine and boron. Chlorine is practically absent from plutonic 
rocks. It occurs in volcanic exhalations, therefore (juv) some of it is still held in the magma. Most 
of it however must have escaped before the formation of the solid crust began, and the magma was 
under atmospheric pressure. We have to accept the idea of a primary ocean of hydrochloric acid. 

Of boron the content of sediments is some 500 times higher than that of eruptive rocks. The total 
mass of decomposed eruptive rocks (juv) contained only 1/50 of what is present in the ocean alone:— 

Eruptive rocks Ocean Sediments 
0:8 40 400—800 x _ 10!8 gr. Boron. 

V. M. Goldschmidt (juv) who was the first to draw attention to this interesting distribution, is 
inclined to accept a primitive ocean with a high content of B as well as of Cl (or an atmosphere 
containing BCl,). For the manifestations of boron in minerals (tourmaline) in connection with 
plutonic rocks and in volcanism it has to be derived for a large part from sediments. In the case of 
boron juv is forced to use explanations in the line of sed. 

The explanations offered by sed seem the more simple for these distributions of mobile resp. 
volatile elements; the Urocean of hydrochloric acid in juy is rather disquieting because of the lack 
of uniformity. At which stage in the earth’s history were enough suitable kations made available by 
weathering to neutralize this HCl? In Cambrian time the sea was perfectly inhabitable. Since then 
(juv) the two processes of escape of Cl from magma, and liberation of Na-ions by weathering seem to 


_ have been keeping pace nicely. Once an enormous atmosphere of CO, must have been there (juv) 


as a stock for the formation of carbonate with Ca from later-on decomposed igneous rocks. 

A consideration of the distribution of Ca has a special interest, because as a silicate in magma it 
is decidedly non-volatile, whereas in the sedimentary form of CaCO, it is moveable in a high degree 
as is witnessed by the frequent occurrence of calcite-veins and is readily understood because of its 
solubility. A different distribution is thus to be expected in juy and sed; the distribution actually 
found is in favour of sed. 

If the proportion of calcareous to acid sediments (juv) is derived from the average Ca-content of 
igneous rocks we find that 10 per cent of the sediments should be limestone, which is in contradiction 
to what is observed in nature, viz. 20 per cent. In sed it follows from the principle of mobility, that 
CaCO, is concentrated in unmetamorphic sediments, and enters in plutonic rocks to a limited extent. 

The distribution of Ca in basic plutonic rocks becomes understandable (sed) if we suppose that 
aluminosilicates of Na (albite) are more readily formed than those of Ca(anorthite) if there is not 
enough Al present to form them both. 

(sed) Pure limestone only can be converted into marble, or it escapes completely. If dolomite is 
present, this being less soluble lags behind: dolomitization. 

(sed) Impure limestone and dolomite give rise to different types of plutonic and volcanic rocks, 
dependent on their different compositions. The most common will be the presence of clay with 
absorbed Na. The Ca which does not find enough Al to be bound as CaSi,Al,O, or Mg for the forma- 
tion of MgCaSi,O, will escape and gabbro or basalt is formed if temperature and strain allow this 
end term of metamorphism to be reached; otherwise amphibolite results, of which in some cases 
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Most data used were cited from:— 

- GOLDscHMIDT, V. M. 1933. Grundlagen der quantitativen Geochemie. Fortschr. Minceats Krist. Petr., vol. xvi, p. 112. 

KUENEN, PH. H. 1941. Geochemical calculations concerning the total mass of sediments. Amer. Jour. Sci., 
vol. cexxxix, p. 161. 
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ON THE PRESENTATION OF GEOCHEMICAL DATA 


By P. NIGGLI 
Switzerland 


ABSTRACT 


For various reasons, comprehensive methods of presenting data are of great importance in geochemistry. 

1. As is always the case when a complex series of facts has to be investigated, comparative methods and statistical 
analyses are necessary. Numerical tables and graphical representations are useful and facilitate the survey. 

2. Immediately accessible to investigation are the conditions in the outer earth-shells and in particular those in the 
outer lithosphere. They distinctly show the influence of certain selection principles. Only a few sorts of atoms are frequent 
and the number of widespread minerals is small. It seems advisable to base methods of representation on this given state 
of affairs. 

3. In spite of this the physical-chemical systems to be considered are of an extremely complex character and usually 
much more so than those of the experimental chemist. Frequently only the essential features of the processes can be 
explained with the aid of the general results of the study of equilibria between phases, and in many cases can only be 
obtained by setting up theoretical prototypes and graphically representing their behaviour under various conditions 
of temperature, pressure, etc. } 

As a result of such considerations, every geochemist must seriously examine the question as to which methods of 
presentation are the most useful. A certain uniformity seems desirable as all comparisons require an extensive material 
that should be prepared on uniform and scientifically sound lines. 

It is desired here to call attention to the fact that in all work involving the comparison of chemical data, due attention 
should be paid to the results of atomic chemistry. 

The resistance often met with in petrographic circles against a scientific and critical revision of analytical data probably 
has various causes. Beside the habit of merely taking over the analyst’s figures, the fact that a choice must be made 
between several equally good methods of re-calculating analysis-values may have produced a tendency to use none at 
all. By examples of the method worked out by the present writer, it is proposed to show the advantages presented by 
any such system as against the uncritical use of weight-percentage values. Also it is hoped to show that certain criticisms 
made against the use of atomic and molecular values are unfounded. This applies to the direct comparison of analyses, 
to the calculation of mineral compositions and to the representation of ternary, quaternary and polynary systems in 
concentration diagrams. Besides other examples a discussion of the chemistry of the rocks of the Hawaiian islands will 


be given. 


nature of the chemical processes which take place there. In connection with the methods of 
presenting data the following three points must be considered :-— 

(1) Asis always the case when a complex series of facts has to be investigated, comparative methods 
and statistical analyses are necessary. Numerical tables and graphical representations are 
useful and facilitate the survey. ; 

(2) Immediately accessible to investigation are the conditions in the outer earth-shells and ip 
particular those in the outer lithosphere. They distinctly show the influence of certain selection- 
principles. Only a few sorts of atoms are frequent and the number of widespread minerals 
is small. It seems advisable to base methods of representation on this given state of affairs. 

(3) In spite of this the physical-chemical systems to be considered are of an extremely complex 
character and usually much more so than those of the experimental chemist. Frequently the 
essential features of the results of the study of equilibria between phases can only be obtained 
by setting up theoretical prototypes and graphically representing their behaviour under 
various conditions of temperature, pressure, etc. 

As a result we conclude that every geochemist must seriously examine the question as to which 
methods of presentation are the most useful. A certain uniformity seems desirable as all comparisons 
require an extensive material that should be prepared on uniform and scientifically sound lines. 
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Fic. 1.—Values of alk and al plotted against those of si for rocks of the Hawaiian Islands. 
combine x grams of K,O and y grams of Na,O to form z grams of alkali-oxides is just as meaningless : 
as adding x grams of apples to y grams of potatoes. In dealing with things of quite different nature, } 


additions or comparisons can only be made in regard to number of pieces, that is in our case in regard 
to atomic or molecular units. Weight data concerning chemically different substances must be con- 
sidered as raw material which for statistical purposes requires critical revision and preparation. In 
the case of all chemical compounds or molecular assemblages atomic proportions or equivalents 
have a far greater significance and permit of more accurate deductions than numbers based on gram- 
units. This applies to the direct comparison of analyses, to the calculation of mineral compositions and 
to the representations of ternary, quaternary and polynary systems in concentration diagrams. 
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The resistance often met with in petrographic circles against a scientific and critical revision of 
analytical data probably has various causes. Beside the habit of merely taking over the analyst’s 
figures, the fact that a choice must be made between several equally good methods of recalculating 
analysis-values may have produced a tendency to use none at all. peaay 

If ‘it be desired to obtain values for the major components that are equally useful for magmatic, 
sedimentary and metamorphic rocks and suffer little change by the effects of incipient weathering 

_(addition of H,O, CO,, O, out of the atmosphere and hydrosphere), it is inadvisable to use the usual 


c Hawaii 


ue ro ° Hawaii 


SO bO 670080 t000sHHOs—=ia120s3DssM¥#O 150sstHsiQ,stBOsCidRM Cs 
eae 
Fic. 2.—Values of c and fm plotted against those of si for rocks of the Hawaiian Islands. 

atomic or molecular percentages adding up to a total of 100. A careful study of these questions led 
me to propose in 1920 a basis consisting of the sum of the molecular values of Al,O, + FeO + 
MgO + CaO + Na,O + K,O (+ usually small amounts of the corresponding oxides Cr,Os, 
MnO, NiO, BaO, SrO, Li,O, etc.) and always to make this sum = 100. As the state of oxidation of 
Fe depends on very different factors, all Fe is, to begin with, calculated as FeO. As molecular values 
are used, O itself is of no importance. We can equally well say that the sum of the atoms 


+K 


Al N. a 
mae Fe + Mg + Ca + 5 —Cineluding the above-mentioned subsidiary components) = 100. 


and thereby have the means of effecting an easy transition to sulphide or other constituents. By 
recalculating the molecular amounts of SiO,, TiO,, P,0;, CO,, SO3, H,O, Cl, etc., or the atomic amounts 
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only the si-, ti-, p- and h-values will be 
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Fic. 3.—Frequency of si-values found Fic. 4.—Frequency of al- and fm-values 

in rocks of the Hawaiian Islands. found in rocks of the Hawaiian Islands. 
is, for instance, a rock in which 241 molecular parts of SiO,, 1-1 of TiO, and 0-2 of P,O; go with 
100 molecular parts of the basic oxides. The latter contain 36 molecular parts of Al,O;, 26 of Fe, 
Mg and Mn oxides, 19 of CaO and 19 of alkaline oxides. This is a first very simple and good chemical ; 
characterization. It allows the rock to be plotted as a point within a concentration-tetrahedron, having 
al, fm, c and alk at its corners, and at once gives an indication of which silicate minerals can be formed. 
The k- and mg-values (which in the given example are 0-24 and 0-54 respectively) show in what propor- 
tions k participated in the collective component alk, and mg in the collective fm-value. 
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When we desire to compare a larger number of rock analyses with each other and relate then tu 
rock analyses from all over the world, methods of comparative statistics are indispensable. Each 
individual analysis can first be characterized by the above mentioned small number of really funda- 
mental values. For the volcanic rocks of the Hawaiian Isles as a petrographic unit, for example, about 
130 recent rock analyses by American investigators are available. Leaving aside the relatively rare 
oligoclasites and trachytes, the following general characterization of the volcanic rocks of the Hawaiian 
B Island group can be given with the above mentioned molecular values (Fig. 1-5). 
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Fic. 5.—Frequency of c-, alk-, k- and mg-values found in rocks of the Hawaiian Islands. 


si varies from about 60 to 160. The molecular proportions of SiO, therefore amount to between 
3/5 and rather more than 3/2 of the sum of the basic oxides present. Most frequently the si values 
lie between 80 and 130, with a maximum frequency between 110 and 120. 

fm varies between 30 and 80 and most frequently has values between 35 and 65. In about 5/8 
of the analysis it lies between 40 and 55 with a maximum between 45 and 50. 

al lies between 4:5 and 32 and in over one half of the instances between 15 and 25. 

c shows values of between 10 and 32 and in over 5/8 of all the analyses lies between 20 and 28. 
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alk is relatively low (between 2-5 and 24) and more than be of the analyses have eit elena) a 
4-5 and 10. rad wa 

k is low and generally pelow 0-25. . 

mg hardly sinks below 0:25 and generally lies between 0-35 and 0-7 with maximum frequencies 
between 0-5 and 0:55 and 0:65 and 0-7. 

If we include the oligoclasites and trachytes, sican mount to 250, alk to over 40, al also to over 40, 
whereas fm sinks to 15 and c to below 4. 

A comparison with the main variation of magmatic rocks in general brings out the following - 
points :— 


, 

si al fm c alk 4 

Main variation of magmatic rocks in 0 to rather 0 to rather 0 to rather ¢ 

general (without extreme types)...| 40 to about 500 over 50 0 to 100 over 50 over 50 , 

Main variation in the lavas of the ’ ¥ 

Hawaiian Islands...............-..05. 60 to 100 4-5 to 32 30 to 80 10 to 32 2:5 to 24 * 

4 

Variation of the Hawaiian rocks § 
including intermediate rocks ...... 60 to 250 4-5 to 43-5 16 to 180 3-2 to 32 2-5 to 42 


ee ee ee Se ee eee 


This furnishes a first characterization and incidentally shows that the variation in the molecular 
contents of the chief components of the lavas of Hawaii reflects a considerable part of the main variation 
of magmatic rocks in general. 

In order to obtain a more detailed picture of the variation in the chemical composition, we can 
attempt to group the rock analyses into a small number of natural types and compare these types with 
types of other provinces. After these calculations no difficulty arises in making a numerical or graphical 
comparison between the province of the Hawaiian Islands and any other. Differences and similarity 
in the chemical composition will immediately become apparent. C. Burri and P. Niggli have, for 
instance, in their work on The young igneous rocks of the mediterranean orogenic area described in 
similar manner the alpine ophiolites, the basic rocks of Mull, of central Germany, of north Bohemia, 
of the Atlantic Islands, of the Bushveld, of the Marquesas Islands, the Comoren, and many other 
places. Further details on such comparative investigations cannot be given here. Many details are 
contained in the above-mentioned book. 

We can summarize the method mentioned, which is now used very universally as a means of obtain- 
ing a rapid survey of the chemical composition of magmatic, metamorphic and sedimentary rocks, 
as follows: As comparable unit of a rock, a mass is chosen which contains in molecular form 100 
parts of the mono-, di- and trivalent metallic oxides. They are combined to four groups called al, 
fm, c, alk after the main rock-forming oxides. The chemical formula of minerals, written in oxidic 
components, gives the relationship between general chemical composition of a rock and the composition 
of the rock minerals. 

It is evident that for igneous rocks a calculation of the “‘ norm” according to the CIPW system 
and a classification according to that scheme will for the purposes of comparison serve much the 
same purpose. But the CIPW calculation is based on weight percentages of hypothetical normative 
minerals and therefore often fails to bring out details which from the chemical standpoint are essential. 
And the task of petrographic science to work out the connections between chemical composition and 
mineral constituents does not apply to igneous rocks alone, but also to metamorphic rocks. Much 
interest is attached to heteromorphism or mineral-facies-differences, that is the possibility of rocks of 
the same composition possessing different mineral assemblages. 

It is easy to see that for the calculation of different mineral facies the type compounds should also 
be given in equivalent or molecular units, just as they enter into reaction equations in the form of 
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_ chemical formulae. Then and only then can one mineral composition be easily converted into another. 
There are two reasons why this method was for a long time not adopted :— 

(1) because the unit formulae can be chosen in any desired way, 

(2) because it was not realized that by a simple choice of the unit formulae proportions can be 


obtained which are very close to those based on volume or weight percentages. My suggestion, 
made some 12 years ago, to use the so-called molecular base and molecular norms and modes- 
facies resulted in a very considerable simplification of the CIPW calculation and made it really 
adaptable without the loss of any of its advantages. I am very happy to quote in this con- 
nection some statements of Tom F. W. Barth (1948):—. 

“The calculation of the so-called ‘ norm’ [CIPW norm] is a tool which, particularly for 
igneous rocks, has proved its great value. But in metamorphic rocks, in which the inter- 
relation of mineralogy and chemistry is of the utmost importance, the norm classification 
has failed. The reason is obvious: The normalization of the different metamorphic mineral 
facies encounters great difficulties in a norm based on weight percentages. The chemical 
relations of a rock in terms of weight percentages obscure the comprehensive view; the 
computations, moreover, become unnecessarily cumbersome. I propose, therefore, that 
calculation of the classical weight norm be altogether discontinued. I regard it as obsolete 
and superseded partly by the Niggli ‘ molecular norm,’ partly by the norm of the standard 
cell, as will be introduced in the present paper.” 


The essential principle of my calculation is as follows: All simple type-compounds or complex 
mineral compositions occurring in the calculations shall possess the same total number of atoms 
Si, Al, Fe, Mg, Mn, Ca, Na, K, Ti, P, S, etc. (that is the main cations; H, O, F, C, Cl are neglected) 
in the unit formula. The simplest way is to refer the equivalent weight of the compounds to a sum of 
these elements = 1 and to symbolize these unit formulae with the same abbreviations (written in 
capital letters) as used by CIPW. 


6 SiO, . Al,O, . K,O containing 6 Si + 2-Al + 2 K is therefore 10 Or. 
2 SiO, . Al,O; . K,O containing 2 Si + 2 Al + 2 K is therefore 6 Kp. 
SiO, containing | Si is therefore 1 Q. 


The equation: 


2 SiO, . Al,O; . K,O + 4 SiO, =6 SiO, . Al,O, . K,O can therefore be written: 
6 Kp + 4 Q=10 Or. 


This approximates closely to the weight-percent relations which are as follows: 


5-27 gr. Kp + 4-01 gr. Q = 9-28 gr. Or. 


The atomic proportions already required for the molecular values can be used to calculate basis- 
compounds in which. they are similarly distributed as in the CIPW calculations. Examples of such 
basis compounds are: 


KAISiO, NaAlSiO, CaAl,O, 


3 Kp 3 Ne 3 Cal 
1 
Mg.SiO, Fe,SiO, Fe,SiO; Ca,SiO, 
3 Fo 3 Fa 3 Fs 31Gs 
M 
TiO, Ca,P,O, SiO, 
1 Ru 3.Cp 1Q etc. 
4 US 
accessories Q 


Kp + Ne + Cal is called L; Fo + Fa + Fs + Cs is called M; E = Q and Ru + Cp is called 
accessories. 
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cae The sum of the satan numbers roost to the sum 100 furnishes the basis in equ 
that is to say in comparable units of chemical compounds. As equivalent numbers are giv 
are permissible. A rock cell with the sum of 100 cations or 100 equivalent mineral compounds is al 
the basis:rock cell. No auxiliary tables or recalculations are required to deduce new compos 
types or particular mineral compositions from the basis compounds. For example to form Ab ou 


Six 
x Ne, me Si is required. The amount of Ab formed is fig etc. For all further details referenc a 


should be made to the original publication or to the book eee igneous rocks of the mediterranean 3 
orogenic area by C. Burri and P. Niggli. aa 

Some examples will now be given to show that molecular norms calculated on these tines"9 very 
closely approach and can well be substituted for the old weight percentage norms (according to the 4 
CIPW scheme) which are much more tiresome to calculate. a 


So-called ‘‘ andesite,’ Summit, Rest-House, Haleakala volcano, Hawaii— 


Molecular values: 


si al fm . c alk k mg 

118 24-5 38 22 Pee N4i8 of 0126 isOr43 a i0F25q) 102i 62 
Basis 

Cp Ru Kp Ne Cal Cs Fo Fa Fs Q- 

1.5 2285936 24-5 11-0 5:9 981 8-4 4-6 23-6, 

Acc. = 4-3 L = 44:1 M = 28-0 Q = 23-6 


Molecular norms calculated according to Niggli: 
Cp Mt Ru Or Abi ScAn Ne Cs Fo Fs 
35 4-6 2:8 443 ee StS 18-3 341 5:9 9-1 6-1 


Molecular norms calculated according to Niggli, but on the lines of the CIPW scheme: 
Cp Mt Ilm Or Ab An Ne Di Ol 
es 4-6 56 [483y 26°05 =218*3- “S8=85 15:7. oat 

Weight percentage norms according to CIPW: 

Ap Mt Ilm Or Ab An Ne Di Ol 
2-02 6:5 7:45". .13+90-— 25715. 18-07. 7-10. 14°82 <A. 8G 


The molecular norm with its smaller content in ore corresponds rather better to the volume per- 
centage mode than does the CIPW norm. The differences are, however, very small. 
So-called “‘ andesite,” Kalahaku Cliff, Haleakala, Hawaii— 


Molecular values: 


Si al fm Cc alk k mg 

121 26 38 21:5 14-5 0-18 0:42 0:37 Or 15 —0:47 
Basis values: 

Cp Ru Kp Ne Cal Cs Fo Fa Fs Q 


L7, 2:4 5°8 Paso 155 3-6 8°8 .6°5 aig) 26:1 


Katamolecular norm, calculated according to Niggli: 
Kp Ru Mt Or Ab An Ne Cs Fo Fa 
LEA 2-4 a9 ORF AQE3NSt EZZN9 I55 3-6 8-8 3-6 


Kata molecular norm, calculated according to Niggli, but on the lines of the CIPW-scheme: 


Cp Mt Ilm Or Ab An Ne Di Ol 
en, 39 4-8 De eae Fa hs) ae3 9-6 32 
A YY YY 
10-7 69-5 
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ae Weight percentage norm according to CIPW: 


Apne MOHm mts son igh ot ago oNS > DE tRUOP Rots 


2-02 14-25 PAS 34°06-2",25°85) 93212) 16°05 $P39 — 
eS 
Vol.% 1:8 : 8-0 Mes 
0 72-48 — tie 2 int 


The differences between molecular norm and weight’ percentage norm are aDENL, The former 


_ agrees rather better with the volume percentage mineral composition. 


Picrite basalt, Pakaoa Hill, Haleakala, Hawaii— 
Molecular values: 
Si al fm c alk k mg 
78 ties 61-5 23-8 3-2 0-14 0-7 0-56 0-2 0-09 
Basis values (molecular percentages): 


Cp Ru Kp Ne Cal Cs Fo Fa Fs Q 
0-5 La, 1-4 8-5 12-5 1S gS 1 115 4-4 16-8 
———————_,—_—-—_Y SF — 

Zee Th see) 5875. 16-8 


Kata molecular norm, calculated according to Niggli: 
Cp Ru Mt Or Ab ~An Wo Hy Fa Fo 
0-5 1c) 4-4 Pas 14-4 20-3 15-4 152 8-5 Sit 
Kata molecular norm, according to CIPW: 


Cp Mt Il Or Ab An Ne Di Ol 
OES 4-4 3-4 2-3 f- Oar pee 44°05 30:8 26-4 
SSS eye . 
7:8 30-45 
Weight percentage norm according to CIPW: 
Ap Mt Il Or Ab An Ne Di Ol 
0-67 6-03 A250" 2a en 34 20 sag Shee 29°93 = 23788 
10-59 30-13 
Mode: 9 ore 25 feldspar not 39 25-5 olivine, 


observed augite 1 per cent glass. 


Here again the difference between the Kata molecular norm and the weight percentage norm 
according to CIPW is slight. But the difference between both and the modal mineral composition 
is considerable. The phenocrysts of augite in the picrite basalt have however been analyzed and their 
composition can be calculated according to the principle of the kata norm. 


Kata molecular norm of the analyzed augite out of picrite basalt: 
Mt Il An Ne+Kp-+ Cal Di Ol 
i A 2-6 i331 329 72-4 2-4 
It is seen that only about 70 per cent corresponds to normative diopside and that the remainder 
is made up of compounds of the ore, nephelite and olivine types. It is a simple matter to add to the 
30-8 per cent of Di, appearing in the kata norm, the right proportions of the other types of compound 
hidden in the augite. Then an alternative kata molecular norm can be calculated, in which the augite 
has the composition given by the analysis. 


Kata molecular norm, calculated on analyzed augite: 
Cp ore Fel Aug Ol - Ne 
05 Sais au 2Aa See A222 ee 25-4 25 2:45 


This norm corresponds very well with the modal mineral composition, though even now 2:45 
per cent Ne is present, which must be contained in the glass or possibly in a rather SiO,-poor feldspar. 
It must, however, be noticed that part of the normative Ne may be contained in the augite, a fact that 
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Hawaiian Islands ip ER 
° Composition of ordinary basalts 
x Composition of alkali-basalts 
© Composition of sub-basalts 
»* Composition of oligoclasites 
, and trachytes 

Z=field of normal andesites 
S=field of many typical 
feldspathoid- basalts 
Normal andesites and 
typical feldspathoid- 
basalts are absent among 
the Hawaiian rocks 


Fic. 6.—Q-L-M-triangle for rocks of the Hawaiian Islands. 


Point within the triangle QPF: Q appears in the normal kata norm. 


Point within the triangle PFM: The calculation of the norm can be carried out with the aid of ; 

compounds of the olivine-type, but without such of the nepheline type. 7 

Point within the triangle PFL: The calculation can be so arranged that molecules of the nepheline 
type (including CaAl,O,) appear beside such of the pyroxene and feldspar type. 


Point within the triangle FML: The lack of SiO, is so great that compounds of both the nepheline 
and olivine types are bound to appear. 


If we plot the compositions of any other ideal compounds (for example of the leucite-analcite type) 
or of actual minerals (for example of augite from Haleakala, or the range of the melilites), we find 
very clear graphical connections between the chemistry of the rocks and their mineral composition. 
Apart from a few exceptions the points representing typical igneous rocks lie in the field HMLG 
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of the Figure 7, while QHG contains practically no such points. It will be observed that the published 


analyses of the Hawaiian Islands spread over about a quarter of the field in question in spite of being 
closely related to each other. woe 


As we have seen, the molecular norm or modal mineral facies of a silicate rock differs but slightly 
from a weight norm or mode and but slightly also from a mode in volume percentages. This arises 
from the fact that all our equivalent units of compounds have nearly the same equivalent molecular 
weight (about 55) and nearly the same equivalent volume (about 20) as seen in Table I. The number of 
oxygen atoms belonging to 100 cations in a “ basis rock cell ” is often in the neighbourhood of 156 
but varies for important minerals in silicate rocks from 133 to 200. 
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orthosilicates + feldspathoids = 
NM Sie Tot uli . re 
ortho-silicates : nepheline , Ca- aluminate 
feldspathoid 


Fic. 7.—Diagram showing the minerals normally associated with various fields in the Q-L-M-triangle 
for igneous rocks. 


Tom F. W. Barth has called a rock unit containing exactly 160 oxygen ions the szandard cell. 
In such a cell the number of equivalent compounds (or cations) is nearly (but not strictly) 100. We 
know that in many rocks oxygen-ions make up about 90 per cent by volume, consequently the number 
of oxygen-ions is of importance for the volume relations in rocks. If the packing of the oxygen-ions 
were the same in all-mineral structures, all standard cells should have the same volume. An analysis 
of the crystal structure however shows that the packing of these ions in rock minerals has a variability 
comparable to the variability of the equivalent volume of the compounds. If we divide the volume 
of the structure cell by the number of oxygens, we obtain a value approximating to the volume 
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occupied by one oxygen. It is for feldspars about 22 x 10-*4. Instead of 22 we have in minerals — 
like nosean 26, in rutile 14-5 and in many dark minerals 18-16 (see Table I). The value should be — 


constant if all standard cells have the same volume. — ; 
There are very few cases in which the variability of the equivalent volumes of the units of a basis 


TaBLe 1. Important rock-minerals 
with equivalent weight, eq. volume, number of oxygens per 100 eq. units, volume of one O in the structure. 


Seo EGET an aN RS a < 
Number of 3 
Eq. weight Eq. vol. oxygens per 100 Volume for by 
eq. units one O “s 
C6 TE rir Anaesth 3, MAO 60 22 200 18-6 a 
- 1 I ee Fa : 
Peldsparstsereatine sa: nt enttcas ton aeaeenenec rea 52-56 20-22 160 21-38-23 
Leucite, Analcite, Cancrinite, K—Neph. ...... 52-55 * 20-25 133-175 22-9-24-2 
INa= Nephi. NOSCAN  ctasercct? asledarstaureeeemcameese ~47-3 18-20:6 133-150 22: 5-26-2 
Gehlemite-Melilite <.....c.cccc- cesses est sceauscsaeee 54-60 18-19 140 ~21-3 
Mica, Talc, Mg-Chlorite, Serp................... 52-60 18-21-5 133-180 ~ 18-20 
‘Wollastonite, Zoisite, Epidote .................. 53-58 , 18-20 150-162 20-22 
HETOTH DEH ES eee ye ne tena ssh ee eee etna ~ 52-60 17-19 150-160 18-20 
FATIRILES oe PYTOXENES nacecce tetera seeneten tenes shinae ~ 50-68 15-18:5 150 ~17-5-18-5 
IO Livine Mermere eset tees acca canes sss see 46-9-67-9 14-6-16°5 
18-21-5 
wren (AVELARE) orceceanunceoetee rec roctneecers 50-60 15-16:5 : 
CYAINICE Sali Pe ree oe ene ons es ee 15 15 
Sillimanitetccsyeateecsa eee tae ee etree 54 16-1-16-7 167 16:1 
tA ndalusite-tasetocsapae be sees eetemasracoacce eee ce otces 17:1 Ld 
Gamme tSi(HOEMAL) 1c nee tees seer ects cottons 50-4-63-5 14-3-17 150 155-18 
“Cordierite) (normal)iseesn-cocse acne eseat cae 53+2-58 ~18 162 21-22 
VesuVvianitemsent aster tatcmimeccuncuceccsnsee ~57 ~19 ~150 ~18-4 
Siar ollie: .o..ke4 tre teeee en tetnaees isoce taeeeaesee 56:5 ~15 ~160 21-22 
METCATILE:. ches. aeciccoee acemecnemsoes Meee aaeeeae tee ae 65:2 ~19 167 18-3 
RRiitiletetettoa. v4 deca cette sasootaa te eke eee ae 79:9 18-19 200 14-5 
HeinatitesiMastietite 3. ...05..0er-s Weabaeseceee ss 79+ 8-77:2 15 150-133 ~16 
Corund um aieocettis. ss < oa ccatees ar eee eee 51 12-9 150 16:9 
Standard value espec. for leucocratic minerals 55 20 156 22 
In-other minerals often“ see...)220s.cesenstetee 50 to 80 14 to 19 variable often 14-21 


cell is much larger than the variability of the oxygen volume in different crystal compounds. In other 
words: it makes no great difference whether we use the basis rock cell or the standard rock cell as 
cells of approximately the same volume. I do not think, therefore, that the calculation of a standard 
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cell is really necessary for the study of replacement processes not involving marked changes of volume. 
But in some cases this calculation m 


ay be useful. In general, the basis rock cell with the sum of all 
compounds = 100 gives nearly the same insight and from Table I we always can see what kind of 
corrections must be considered. 


Generally speaking it seems to me a 


question of minor importance whether the molecular units 
are calculated for a basis 


or a standard rock cell. But it is very much to be hoped that in future, 
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Marquesas Islands (Pacific Ocean) 


Basalts in general 

a Trachytes from Nukahiva and 
Huahuka 

* Phonolites from Ua Pou 

+ Titaniferous augites out of basalt 
from Hiva Oa 


a 


The numbers given with 
each point are the si-values 
of the basic rocks. 


M L 


Fic. 8.—Position in Q-L-M-triangle of rocks from the Marquesas Islands (Pacific Ocean). 


Tom F. W. Barth’s statement (1948): “‘Itis a great simplification to use molecular and atomic units 
rather than weight units; therefore, the weight percentages should never be taken as basis for pee 
graphic calculations” will be generally adopted. And I conclude with another statement of Barth 3. 
slightly modified by myself: by directly comparing the basis or standard cells of rocks under investiga- 
tion one obtains a rapid review of addition and subtraction of material caused by petrogenetic 
processes (see for example Figs. 8 and 9). 
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In this way magmatic differentiation, the comparison of magmatic, sedimentary and metamorphic . 
provinces, metasomatic metamorphism, heteromorphism. and normal metamorphism of different 
facies can be studied more effectively than by any other method of petrographic calculation. 
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Fic. 9.—Diagram showing relationships in the Q-L-M-triangle. 


A magma whose composition falls in the stippled area, will by the crystallisation of M (olivine, etc.), P (pyroxene, 
normal), A (augite), or F (feldspar) suffer a change in composition indicated by the respective arrows. 


DISCUSSION 


G. W. Tyrre LL : At first Professor Niggli based his diagrams illustrating compositional variations in rocks on mole- 
cular values of the constituents. Later, he used in addition, quasi-mineral values in triangular diagrams. The second 
method is, in my opinion, the better for studying chemical variation in rocks. I prefer systems that use the values closest 
to mineralogical actuality; the C.I.P.W. norm, for example, is often close to the actual mineral composition, but Niggli’s 
molecular figures are remote therefrom. The objection to using the C.I.P.W. norms in diagrams and discussions is that 
the variables are too many and too complex. I therefore prefer the von Wolff system (or, better, a modification thereof I 
have devised) in which the number of quasi-mineral units is reduced by certain groupings and becomes more amenable 
to treatment in triangular diagrams. 
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Professor Niggli used the term “‘ normal basalt”; and, yesterday, Professor Eskola used the term “ ideal granite.” 
I wish to enter an objection to both terms on semantic grounds. There are no such rocks as normal basalt and ideal 
granite; they have no existence save in the minds of petrologists. The terms granite and basalt cover wide but definable 
fields, but ideal granite and normal basalt find no piace therein, Petrological discussion would gain in clarity if such terms 
were. avoided. oA 

S. J. SHAND: The computation of the “‘ norm ” led to a great advance in the correlation of Reostaphic wait chemical 
data. Professor Niggli has made a further advance by employing molecular proportions rather than simple percentages 
of the oxides. But both methods of computation are worthless unless the chemical analyses upon which they are based 


_ have a high degree of accuracy, and this unfortunately is not always the case. To the speaker it seems desirable to study 


and compare rocks in terms of the actual mineral composition or mode rather than any kind of norm. It is possible to 
determine the mode of a rock with considerable accuracy by means of the microscope, supplemented by the micrometer, 
the electromagnet and by heavy liquids. The function of chemical analysis is to supplement these methods but not to 
replace them. 

P. NIGGLI (in reply): We have to use the simple molecular values and the basis compounds because the latter are formed 
with the use of some rules which do not always correspond with nature. 

The chemical composition is a fundamental factor in studying the rocks, Professor Grout and Professor Larsen have 
shown what care we have to take in analysing rocks. 
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SPECIAL FEATURES OF THE OSLO IGNEOUS FELDSPARS 


By C. OFTEDAHL | ~~ 


Pore 


Norway | 

an 

ABSTRACT = 

* 

The feldspars of the main types of igneous rocks of the Oslo Region have been investigated, chiefly by the Universal e 
stage. Various facts were found, that alter many of the statements of the partly antiquated descriptions of Professor W. C. * 
Brogger—statements which are cited in many recent textbooks on mineralogy and petrography. bi 


The plagioclases form important constituents of some important rocks: rhomb-porphyries, larvikites, lardalites, 
partly nordmarkite, and related rocks. The plagioclases were not correctly determined, because they have albite twins 
with lamellae which are so thin that they only can be seen in sections approximately vertical to (010). In other sections 
the plagioclases seem to be (pseudo-) monoclinic alkali feldspars. 

The alkali feldspars are transitional from cryptoperthites to microperthites. The cryptoperthites belong to the 
‘* orthoclase-microperthite series’ of Ed. Spencer, established on pegmatite feldspars. Various facts concerning the 
optics of these cryptoperthites are given. 


INTRODUCTION 


HE papers published by W. C. Broégger during the years 1890-1900 made the Oslo region well- 
known as a petrographic province of considerable interest. Some later publications are character- 
ized by the petrographic methods of that period. During the later years petrographic investigations 

of the Oslo rocks have been taken up again, and when the present author began a study of the plutonic 
rocks, he soon found out that it was necessary to undertake a special investigation of the feldspars, 
because the feldspars showed some special features, which made the partly erroneous determinations 
of Brégger understandable. These features are the following: 

(1) The acid plagioclases are twinned according to the albite law, with lamellae which often 
are so thin that they are seen only in special sections. In other sections they seem to be monoclinic, 
with some optical data similar to those of the alkali feldspars. 

(2) The alkali feldspars belong to a series orthoclase-cryptoperthite. This series has been 
described by Spencer (1937) from pegmatite feldspars, and the Oslo feldspars show corresponding 
optical properties. 

According to the ordinary textbooks of mineralogy the mentioned features seem to be special for 
the feldspars of the igneous rocks of the Oslo region, but this certainly is not correct. It is possible 
that these features are common in alkaline igneous rocks. 

In the following the pseudomonoclinic plagioclases and the orthoclase-cryptoperthite series are 
described briefly; then some remarks on the high temperature feldspar problem are presented. 


THE PSEUDOMONOCLINIC PLAGIOCLASES 


The rhomb-porphyry is one of the most conspicuous rock types of the Oslo region. The composition 
of its rhomb-shaped feldspar phenocrysts have been much debated, especially around 1880 (for 
references, see Oftedahl (1946, pp. 50-51) ). Brogger thought that the feldspar was a soda-microcline, 
later called anorthoclase, and this assumption was believed, and is now to be found in every textbook 
on mineralogy. 

In 1943 the author began a study of the rhomb-porphyries and associated rocks.. It was easy to 
determine the composition of the rectangular phenocrysts of the so-called rectangle porphyries on the 
Universal stage, because they are twinned with broad twin lamellae. Then it was soon found that even 
the apparently non-twinned rhomb-shaped crystals were twinned according to the albite law, but the 
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twin lamellae are usually so thin that a crystal must have the zone (010) parallel to the:slide, if the 
twinning is to be seen by the ordinary polarizing microscope. Therefore Brogger and co-workers very 
seldom saw any twinning, and they believed that the feldspar was some type of alkali feldspar. In 
sections nearly parallel to (001) this feldspar seems to be monoclinic, because mostly the two sets of 
lamellae balance each other. In sections parallel to (010) the feldspar has an extinction angle, 
which rapidly changes with the composition. 

The rhombic outline of the crystals, determined by the faces (201), (101), and (110), is obviously 
connected with this special type of albite twinning. Thus the phenocrysts of the rectangle porphyries 
are rectangle-shaped and have broad lamellae (composition 45-40 An), but the lamellae seem to disap- 
pear, when the rhomb-forming faces develop, at about 40 An. Just the same relation is found in the 
plutonic rocks, which are often semi-porphyric. 

The monzodioritic rock type kjelsasite is slightly more basic than the monzonitic larvikite. The 
large rectangular feldspar individuals of the kjelsdsite are andesines, and their albite twinning is seen 
in every slide. The often rhomb-shaped feldspar crystals of the larvikites are oligoclases, and in few 
slides twinning is seen. In transitional types with a plagioclase composition about 30 An, the plagio- 
clase has very thin twin lamellae, but these are usually seen in the slides. The faces of the plagioclase 
crystals are both the rhomb-forming (110), (201), and the rectangle-forming (001), (010), (101). It is 
interesting to note that the change in crystal habit, followed by the occurrence of the nearly sub- 
microscopical twinning, occurs at a composition of 40 An in the effusives, and at 30 An in the 
plutonic rocks. 

The sub-microscopical albite twinning (a characterizing, but not quite correct expression) is also 
present in the large feldspar individuals of the lardalite and in some varieties of nordmarkite, mostly 
called pulaskite by Broégger. 

The new interpretation of the feldspar in the mentioned rocks causes a change in the systematic 
position of these rocks. Thus the larvikite is no longer an augite syenite, but an augite monzonite, 
and the lardalite is not a nepheline syenite, but a nepheline monzonite. In a similar way the basic 
varieties of nordmarkite are no true nordmarkites (alkali-syenites), but ordinary syenites, with alkali 
feldspar, some oligoclase and ordinary amphibole. 

The optics of the aggregate crystals consisting of sub-microscopical albite lamellae differs from that 
of the plagioclase of the lamellae. On account of the symmetry of the albite twinning, the aggregates 
get a monoclinic symmetry, if the two sets of lamellae optically balance each other. The measurements 
on the Universal stage show that the aggregate crystals are usually monoclinic, or nearly so (deviation 
of 1-3°). Then the only means of characterizing such crystals is the extinction angle a: a on (010). 
This angle is very similar to that of the corresponding ordinary plagioclase, because the plagioclases 
in question have a composition ranging from 15 to 30 An, and the plagioclases of this interval have 
their a very near to (010). Most certain, however, the composition is determined on powder by 
immersion liquids. Also then a is equal to a of the ordinary plagioclases, so that the usual tables may 
be used. 

The sub-microscopical albite twinning does not only occur in the plagioclase phase of the Oslo 
rocks, but probably also, at least to some extent, in the alkali feldspar phase. 

The alkali feldspars are either cryptoperthites or microperthites. The former feldspar consists of 
submicroscopical lamellae of orthoclase and albite, and Weissenberg photographs show that even this 
albite is twinned on (010)—no doubt an albite twinning. 


THE ALKALI FELDSPARS 


The alkali feldspars are abundant in the following rocks: kjelsasite, larvikite, lardalite, nordmarkite, 
ekerite, granite, and pegmatite. In the three former rock types the feldspar is mostly clear and homo- 
geneous. The nordmarkite has transitions from homogeneous to microperthitic alkali feldspars; 
the ekerite contains a typical microperthite while the granite carries a turbid orthoclase. 

In all rocks but the granite the original feldspar is believed to be homogeneous, the perthitization 
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being late magmatic or magmatic hydrothermal. This homogeneous feldspar has been investigated 
in all the mentioned rocks, and it proves to be a cryptoperthite, and it forms an interesting series, the 
orthoclase-cryptoperthite series. 

_ By the Universal stage the only property to be measured is the extinction angle a:a on (010). 
In nordmarkite an angle of 12-14° is found, and in the syenite pegmatites the angle is mostly 12°, 
in accordance with Brégger (1890, p. 533). The extinction angles in kjelsasite and larvikite vary 
considerably, from 6° to 14°, mostly 8° to 10°. 

The index of refraction may be measured on powder, but the index varies with the three components 
Or, Ab, and An, entering into the cryptoperthites, and therefore the index gives no easy way of 
classifying these feldspars. 

The chemical composition is shown by Fig. 1. The cryptoperthites of the nordmarkite and the 
syenite pegmatite are known from analyses of the pure feldspars, while the cryptoperthites of larvikite 
and kjelsdsite have compositions, calculated from analyses of the rocks or of the total feldspars. 


An : An 
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Fic. 1.—The chemical composition of the plagioclase and alkali feldspar phases of the important 
plutonic rocks of the Oslo region. 


E: Oslo essexite, K: Kjelsasite, L: Larvikite, N: Nordmarkite, lardalite, and pegmatite. E and P: Feldspar phases 
of the cryptoperthites. K-01: Possible field of a potash oligoclase. 


The measured properties of the cryptoperthites show that they belong to the series which was 
called the orthoclase-microperthite-series by Spencer (1937). But Spencer’s microperthites were 
treated as if they were homogeneous feldspars, because they are nearly sub-microscopical. The author 
prefers to call such feldspars cryptoperthites. 

The data obtained from the Oslo cryptoperthites are too scanty to give definite general informations 
on this interesting feldspar series, but by using the tables of the later literature, where both composition 
and all optical properties are given, it is possible to draw some tentative diagrams for the variation of 
the optical properties with the chemical composition within the orthoclase-cryptoperthite series. 

The variation of the index of refraction with the composition is shown by Fig. 2. This diagram 
seems to prove that the mean index of refraction varies rectilinearly within the ternary feldspar 
diagram, or nearly so. Some feldspars which may be true sanidines are also plotted, but the error is 
not serious, because Spencer (1937, p. 472) has shown that a cryptoperthite which is homogeneized, 
changes its mean index about 0-002 or less. seid 

The extinction angle a : a is also greatly influenced by the An content of the cryptoperthites, so 
the variation of this property also must be drawn in the ternary Or-Ab-An diagram. Most authors 
have thought that the curves for equal extinction angles are straight lines, as shown by Fig. 3a. But 
the author considers, from the collected data, that the curves run as shown by Fig. 3b. 
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Fic. 2.—The mean index of refraction 


a 
= = of the cryptoperthites in relation to their composition. 


The equi-fractional curves are drawn straight-lined, determined by the mean index of adularia and acid plagioclases. 
The small points indicate the composition of the plotted cryptoperthites in the Or-Ab-An system. The heads of the 
corresponding arrows mark the mean index of refraction. Thus the length of the arrows indicates the difference in refraction 
between what is measured and what should be expected if the equi-fractional curves were correctly. drawn.. When: this 
difference is less than 0-0005 a filled ring is used. Data of feldspars from outside the Oslo region from: Spencer (1937, . 
Table 18); Larsen: Amer. Mineral., vol. xxiii, 1938, p. 421; Wolf: Bull. Geol. Soc. Amer., vol. xlix, 1938, p. 1618; Seto: 
Jour. Geol. Soc. Tokyo, vol. xxix, 1922, p. 316. 
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Fic. 3.—(a) and (b). Possible diagrams showing the relation between the extinction angles on (010) 
of cryptoperthites and their chemical composition. 
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Fic. 4.—Tentative diagram for determination of the composition of cryptoperthites by the mean index 
of refraction and the extinction angle on (010). 
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By combining the diagrams of Fig. 2 and Fig. 3b a diagram is established, which permits a — 
determination of the composition from the extinction angle and the mean index of refraction (Fig. 4). 
The symmetry relations of the Oslo cryptoperthites are shown by Fig. 5. Theoretically an aggregate 
crystal, consisting of lamellae of monoclinic orthoclase and pseudo-monoclinic plagioclase, should 
have monoclinic symmetry. The deviations must chiefly be explained by the fact that the pair of 


lamellae are not always equal in total thickness. : 4 
| 4 
© Orthoclase 4 
O Na-orthoclase r 
F © Anorthoc/ase (7) 3 
© Microckline ‘ 
© Plagioclase 


9 8 7. 6 


Fic. 5.—Central part of the octant stereogram of Table 7 from Nikitin (Die Fedorow-Methode, Berlin, 
1936), a stereogram vertical to B. 


Only the poles of (001) are plotted. The heavy stippled area marks the variation of the pseudo-monoclinic crypto- 
perthites, while the faintly stippled area illustrates the orientation of definitely triclinic cryptoperthites. 


The axial angles of the Oslo cryptoperthites vary greatly, even within the individuals of one slide. 
Angles (—)2V between 55° and 94° have been measured. The interval 70-80° is the most usual. It 
is evident that the axial angle is more dependent on the cooling history than the composition. There- 
fore it is also useful for establishing the different alkali feldspar series. 

The different series of the system Or-Ab are still uncertain, but the author thinks that a new stability 
diagram may be drawn, based on the published data of the last decennium. The series of Fig. 6 are: 


KAS = 30 40 50 60 70 Nah/Si,6, 


Fic. 6.—Stability diagram for the system KAISi,0, — NaAISi,Oxg. 


1. The sanidines, a possibly continuous series Or-Ab. It has low axial angles and an extinction 
angle constantly about 5°. 

2. The orthoclase-cryptoperthite series, a discontinuous series of intermediate temperature. 
It has high axial angles and high extinction angles, increasing with the soda content. 

3. The above series fade into the orthoclase-microperthite series, with the microcline-micro- 
perthite series as the most low temperature member, characteristic for the metamorphic rocks. 
The name metasanidine is suggested for a group of feldspars which are sanidine-like, but have high 

extinction angles and low axial angles. These feldspars must be sanidines with a partial ex-solution to 
cryptoperthite. They seem to be frequent. 
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Plagioclases of effusives are known to have an orientation of indicatrix slightly different from that 
of Plagioclases in plutonic rocks (for references, see Oftedahl, 1945, p. 78). The problem is then 
whether there is an even transition between these series, or if they represent different modifications. 


Measurements of 11 Carlsbad twins from basalts and rectangle porphyries of the Oslo region seem 
to indicate a transition. 
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Fic. 7.—Stereogram vertical to the c-axis. 


The migration curves for the low temperature optics (L) are taken from Duparc and Reinhard: Mem. Soc. Phys. 
Geneve, vol. xl, 1924, Pl. 11. The corresponding H curves are given by Tertsch: Min. Petr. Mitt., vol. liv, 1942, p. 203. 
The numbers indicate the points for a, f, and y viz. of the 11 measured Carlsbad twins. 


Plagioclases with high temperature optics are found in effusives, and also, on account of anomalous 
extinction angles, in some specimens of plutonic rocks. It is also possible that the albite phase of the 
cryptoperthites may have high temperature optics, because Chao (1939, p. 342) found that the X-ray 
rotation photograms showed different patterns for ordinary albite and the albite phase of the 
cryptoperthites. 
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A. K. WELLS referred to the importance of the author’s conclusions especially with reference to their repercussions on ' 


petrographic classification and nomenclature. He asked for information on two points: first, the relationship of the 
feldspars now described to those called anorthoclase from the kenytes of East Africa and Antarctica; and secondly, the 
ratio of plagioclase to alkali-feldspar in the larvikite. If the plagioclase has the status of an accessory mineral only, in 
some phase of larvikite, the name can be retained with its original significance; but if all larvikite contains essential 
plagioclase to the extent of one-third or more of the total feldspar, then there is no alternative to classifying the rock as 
a syenodiorite. It is much to be hoped that some portion of the complex is larvikite in Brégger’s original sense; but 
obviously a new name must be found for the plagioclase-rich monzonitic facies. 

C. OFTEDAHL (in reply): The so-called “‘ anorthoclase ” of the rhomb-shaped phenocrysts in the Oslo rocks is either 
plagioclase or antiperthite. The author has only seen a few slides from the rhomb-porphyries of East Africa and Antarctica 
and he is inclined to consider the rhomb crystals of these rocks similar to the Oslo phenocrysts. 

The Jarvikite is a monzonite with approximately 50/50 plagioclase-cryptoperthite. In the special dark schillerizing 
variety the two phases form a coarse microperthite, but there is gradual transition to the ordinary larvikite with two 
kinds of feldspar individuals; therefore even the dark variety is called ‘‘ monzonite.” 
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GRANITES OF MORAGY, HUNGARY 


By F. PAPP 
Hungary 


ABSTRACT 


140-150 km. SSW of Budapest, there are remains of Variscan orogeny hardly surpassing 300 m. elevation built up 
of amphibole-biotite granite locally passing into granodiorite or, in one place, into syenite. 

Composition of the granite: Quartz 30-55 volume per cent, Orthoclase 13-55 per cent, Microcline 6-41 per cent, 
Oligoclase 1:6-10 per cent, Biotite 1-15 per cent. Chemical analysis: SiO, 71-77 per cent, Al,O; 12-14-6 per cent, 
Fe,O, 0-75-2 per cent, K,O 4:82-7:67 per cent, Na,O 2-3-:75 per cent. Mineral and chemical composition of the grano- 
diorite: Quartz 16-51 per cent, Orthoclase 5-24 per cent, Oligoclase 12-67 per cent, Biotite 1-10 per cent, Amphibole 
0-39 per cent, SiO, 52-62 per cent, Al,O; 11-17-46 per cent, Fe,O,; + FeO 4-8-8 per cent, CaO 4-3-8-33 per cent, 
K,O 1-6-8-3 per cent, Na,O 1-6-4-48 per cent. Mineral composition of syenite: Orthoclase 40 per cent, Amphibole 
42 per cent, Quartz 8 per cent, Titanite 5 per cent, Biotite 5 per cent. 

Aplites, quartzites and basic segregations occur in connection with these rocks, which have to be classed as transitions 
into alkali rocks. 

Surface strata of the region are composed of Lower Pliocene (Pannonian) sands and clays and of Pleistocene Loess. 
Argillaceous shale devoid of fossils at the contact of the granite indicates the presence of a laccolite. The deeper sub- 
stratum is not known. 


CHARBONS ET PETROLES 


By A. RENIER 
Belgium 


ABSTRACT 


Ses progrés dus aux plus récentes observations aboutissent, semble-t-il bien, 4 la confirmation de l’étroite parenté 
originelle de ces substances en apparence si dissemblables 4 qui ne considére que les modes d’exploration ou d’exploitation. 
De part.et d’autre, accompagnement de gaz et d’eaux similaires. Des essais de cokéfaction progressive des houilles belges 
ont montré que, pour 80 pour cent, leur. substance est la méme,—disons un bitume pour parler comme C. Eg. Bertrand 
devant le Congrés de 1900—et ce quel que soit leur degré d’anthracitisation. La substance fondamentale a pénétré 
dans les cellules végétales, comme dans les loges des Céphalapodes, par un processus d’allure filonienne. Ainsi que David 
White l’a exposé la différence entre charbons et pétroles résulte, en principe, du mode d’évolution. 
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ON THE GENESIS OF PERALKALINE ROCK PROVINCES 


By EGIL SAETHER 


Norway 


ABSTRACT 


The paper attempts to explain the formation of peralkaline magmas through diffusion processes in a magma mass 
with extraordinarily great vertical extension. It is pointed out that, in such a mass, in the state of equilibrium the con- 
centration of each component will vary with the altitude in a way similar to that of the gases in the atmosphere. Volatiles 
in the magma (H,0O, CO,, Cl, F, fluorides of Ti, Zr, and Nb) will be enriched at the top of the magma chamber; 
a method of estimating the degree of enrichment is given. 

Next it is demonstrated how the volatiles, through their acid character, will attract basic ions (Na, K+, Ca++, and 
Ba*~*) and enrich them at the top of the chamber. Here a peralkaline magma, rich in CO, and other volatiles, will be 
formed. Its alkalinity will be more pronounced, the greater the vertical extension of the original magma chamber was. 

The theory here outlined seems to explain several as yet enigmatic features in the chemistry and mode of occurrence 
of the peralkaline eruptives (examples are given from recent investigations in the Fen district, Norway). It is indicated 
how the theory can be further tested. 


INTRODUCTION 


HE present paper is chiefly incited by my field experience in the Fen district in Norway. This 
is a small area of peralkaline rocks situated 120 km. S.W. of Oslo. The rock assemblage, which 
has been petrographically described by W. C. Brégger (1921), comprises coarse-grained, 

amphibole- and calcite-bearing pyroxenite (vipetoite), rocks consisting of pyroxene and nepheline in 
different proportions (melteigite, ijolite, and urtite), pyroxene-calcite- and pyroxene-nepheline-calcite- 
rocks, nearly pure calcite rock (sévite), ankerite rock (rauhaugite), and carbonate-haematite-rock 
“ rédberg”’: “ red rock ’’). The area is surrounded by a zone of alkali syenite (fenite), which has been 
formed from Archaean gneissose granite through alkali metasomatism. 

My own recent field work in this area has chiefly aimed to reveal the contact relations between the 
different rocks, and thereby their genesis. The results will be described in a future paper, here only the 
principal features can be stated briefly. 

There has been a magma, very poor in silica and rich in alkalies and lime. It has been extremely 
tich in volatiles, in particular CO,. It has had the temperature of an ordinary magma. It has been 
very fluid, and had a pronounced facility of imbuing the granitic bedrock and transforming it into 
alkali syenite. Through crystallization the magma has produced pyroxene-nepheline rocks, mixed 
silicate-carbonate rocks, and calcite rocks. At a stage of more advanced cooling it has expelled 
hydrothermal carbonate solutions, which have continued to form calcite rock, and also metasomatically 
transformed parts of the silicate rocks into calcite rocks. Later, at a still somewhat lower temperature, 
ankerite has been formed instead of calcite. At last the carbonate-haematite rock has been formed in 
connection with rapid escape of CO, through fissures. 

The Fen district is an example of an eruptive rock province of extreme alkalinity. A great number 
of similar provinces are known from different parts of the world. They are mainly characterized by 
the occurrence of pyroxene-nepheline rocks, together with nepheline syenite and aegirite syenite (fenite 
and related types). The silicate rocks are very often associated with carbonate rocks. In many of the 
peralkaline rock provinces are enriched large quantities of F (in fluorite and apatite), Cl (in sodalite), 
P (in apatite), Nb (in pyrochlore minerals), Ti (in titanite and melanite), Zr (in zircon, eudialite, a.o.), 
and Ba (in baryte and hyalophane). 

The genesis of the peralkaline rock provinces has for a long time been one of the most disputed 
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problems in petrology. The numerous attempts which have been made to explain their genesis, have. 
mainly been based on the following processes: _ 
(1) Differentiation through fractional crystallization of a basaltic or peridotitic parent magma. 

This parent magma has either been assumed to be very basic from the beginning (Holmes, 1931) 

or the unusual course of the differentiation has been ascribed to a primary high content of volatiles 

in the magma (Smyth, 1927). 

(2) Contamination by limestone in the parental (basaltic) magma, which has thus been 

desilicified (Daly, 1933; Shand, 1930). 

(3) Metasomatic introduction of alkali in older (igneous or sedimentary) rocks (Wegmann, 

1937; Eckermann, 1942). 

The theory suggested in the present paper is based on diffusion processes in a magma mass of great 
vertical extension, effected by the differences in pressure in different levels in the magma. In my opinion, 
the process 2 stated above, though it may have been active in the evolution of some alkaline rock pro- 
vinces, cannot give a general explanation of provinces of the Fen district type. These are in many cases 
intruded in granite and gneiss complexes with no trace of limestone layers. The process 3 has undoubtedly 
been active in the Fen district and related areas, but cannot be regarded as being the primary process. 
The high alkali concentrations which are needed to effect the metasomatism in question must have 
some source, and the central problem is then to find this source. 


THE VERTICAL DISTRIBUTION OF THE DIFFERENT COMPONENTS IN A LIQUID MASS 


It is well known that in a mixture of different gases (e.g. the atmosphere) the composition of the 
mixture is not the same in different levels when the mass is in gravitational equilibrium. The partial 
pressure of the heavier components will decrease faster with the altitude than that of the lighter ones, 
and the heavier gases are thus enriched at the bottom of the mass, the lighter ones at the top. 

In a mixture of liquids similar conditions will exist, and the mass will not be homogeneous when 
being in gravitational equilibrium. The conditions are, however, far more complicated here than in 
the gas phase, and the behaviour of the different components cannot be deduced from -their specific 
gravity nor their molecular gravity. Only for components which have a limited solubility in the liquid, 
can the theory at present be worked out. 

When.a substance (liquid or solid) is limitedly soluble in a liquid, its solubility will, as a rule, depend 
on the pressure. If it increases with increasing pressure, the substance in question will be more soluble 
at the bottom of the liquid mass than at the top of it, and opposite if the solubility decreases with 
increasing pressure. If the solution is undersaturated, the actual concentration of the substance in 
any level is proportional to its solubility in the same level, according to the law of distribution. This 
law is strictly valid if the solubility of the substance is low (e.g. gypsum in water), but only approxi- 
mate if the solubility is high (e.g. NaCl in water). Any substance which is dissolved in the liquid 
under volume contraction, and is consequently more soluble under high pressures than under low 
ones, will be enriched at the bottom of a deep liquid mass. If the concentration curve is disturbed 
through stirring of the liquid, it will be re-established through diffusion of the substance. 

The conditions outlined here may possibly be investigated experimentally by means of an ultra- 
centrifuge, if expedient experimental substances are chosen. 


ENRICHMENT OF VOLATILES AT THE TOP OF A MAGMA MASS 


In magma masses the conditions outlined in the previous chapter must be supposed to be very 
important. The vertical extension of a magma chamber may be estimated to 10-100 km., in some cases 
perhaps still more, and great pressure differences will exist between its upper and lower parts. As 
most of the components in a silicate melt are unlimitedly miscible, nothing can, however, at present 
be said of their possible enrichment at the top or bottom of the magma basin. But one category of 
substances, viz., the volatiles, have only a limited solubility in the melt, and their solubility is very much 
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dependent on the pressure. The volatiles must, therefore, be expected to exhibit very pronounced 
enrichment effects due to the pressure variations in a magma basin. : 
We imagine that a semi-permeable vertical tube (the walls permeable to gas, but not to liquid) 
is placed in a basin filled with a liquid with a gas in solution (Fig. 1). This tube will be filled with 
gas, and the pressure of the gas in any level will be the sum of the pressure at the top of the tube 
and the weight of a gas column from the top down to the level concerned. At the top the pressure 
of the gas is like or lower than that of the surrounding liquid (like, if the solution is saturated and 
the roof of the basin is impermeable both to gas and liquid), in any other level it will always be lower 
(see the curves of Fig. 2). In any level there will be equilibrium between the gas in the tube and the gas 
dissolved in the liquid, so that no gas circulation takes place. Such circulation would namely carry 
heat from one part of the liquid to another, and thus violate the second law of thermodynamics. 
It can be concluded that the solubility of the gas in the liquid must depend on the altitude in such a 
way that equilibrium will exist between the gas solution and the gas in a semi-permeable tube which 
may be brought into the liquid. 


Pressure 


2p + 70000 bars 
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Fic. 1.—IIlustration of the deduction of the solubility of a gas in a liquid in different levels. 

A: Liquid. B: Semi-permeable tube filled with the gas in question. 

Fic. 2.—Graphical representation of the pressure in an albite melt (A—A’) and in water vapour (B-B’) 
in different levels at a temperature of 1000° C. 

The gravity of the melt is supposed to be 2-6 (1 + 0-000005 p), p in bars; that of the vapour is calculated from the 
approximate equation: p(V + Vv») = RT. (vp is the volume of 1 mol. of water in the liquid state). The pressure py at the 
top of the liquid and vapour mass is supposed to be 1,000 bars (the curves A—B) and 10,000 bars (A1—B}). 

The conditions of equilibrium between a gas phase and a liquid which contains the same gas in 
solution, have been theoretically investigated by R. W. Goranson (1937). He finds that, under constant 
pressure in the gas phase, the solubility of the gas in the liquid decreases rather rapidly with increasing 
pressure in the liquid (see the curves of Fig. 3, which are drawn from the solubility values given by 
Goranson). Fig. 4 illustrates the solubility of water vapour at different levels in an albite melt at a 
temperature of 1,000° C., computed from Goranson’s figures and the pressure values taken from Fig. 2. 
It is seen that the solubility is 2-3 times as high at the top of the liquid mass as at a 5 km. deeper level. 
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If the gas solution is undersaturated, the actual concentration of the gas at different levels i Tbe 
(at least approximately) proportional to the solubility at the same levels, and the gas will be enriched 
at the top in a similar manner to that shown in the curves of Fig. 4. If the solution is supersaturated, 2 
it will boil and give off gas at the top of the liquid mass (boiling takes place when the tension of the — 
dissolved gas exceeds the pressure of the liquid, so that gas bubbles can be formed). It is worthy of — 
emphasis that boiling can never begin in deeper levels, although the gas solution is supersaturated 
throughout the liquid mass. In deeper levels the pressure of the liquid is always higher than 
the gas tension, and bubbles cannot be formed. The excess of gas in deeper levels can only escape 
through diffusion to the upper levels. 
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Fic. 3.—Curves which illustrate the solubility of water vapour in an albite melt at a temperature of 
1000° C. under different pressures on the melt (p,) and on the vapour phase (p.). 


Fic. 4.—Curves which illustrate the solubility of water vapour in different levels in albite melt masses, 
the tops of which are assumed to be situated 2000 m. (A), 4000 m. (B), and 8000 m. (C) below 
the earth’s surface, and covered by roofs impermeable to the vapour. 


The pressures acting on the melt and the vapour in a certain level are taken from the curves of Fig. 2, and the solubility 
of the vapour then taken from Fig. 3. 


It may be mentioned that, as the solution of gas in a magma is an exothermic, and expelling of 
the gas an endothermic, process, the enrichment of gas at the top of a magma mass will be accomp- 
anied by a heat transfer in the same direction. The upper part of the magma will thus be heated, 
the solubility of the gas lowered, and the gas enrichment counteracted. But as the heat conduction 
in a liquid is a more rapid process than the diffusion of a dissolved substance, the temperature 
difference will soon be smoothed out so that the gas enrichment can continue, and the final result 
will not be influenced. 

It will probably be rather easy to make at least a qualitative test’ of the theory outlined above by 
means of an ultracentrifuge. In a centrifugal field of about 10,000 times the force of gravity easily 
measurable differences between the concentration of e.g., a solution of CO, or NH; in water in the 
upper and lower part of a vessel of a few cm. in height should be expected to occur. To carry out the 
experiment with silicate melts will be difficult. 
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There is reason to believe that gas enrichment at the top of a magma basin plays a very important 
r6le in the volcanoes. In all volcanic eruptions the expelled quantity of gas (mainly water vapour) 
is immense, and in some cases it is even estimated to exceed the quantity of lava and ashes in weight. 


_ These immense gas quantities are, in my opinion, not normal constituents of the magma, but the 


result of local gas enrichment where the magma rises near the earth’s surface. The enrichment will 
be more pronounced, the higher the magma rises. At last the gas tension will be able to lift the 
remaining rock roof; a violent eruption can then take place. The pressure at the top of the magma 
mass sinks to 1 atmosphere, and the upper, gas-loaded part of the magma boils until the excess of gas 
is given off. The gas in the deeper parts of the magma will now diffuse upward and re-establish the 
enrichment at the top, and thus cause continued boiling here. As the diffusion is a slow process, the 
boiling may continue for a very long time, perhaps for millions of years. The long-lasting rhythmical 
activity of volcanoes may be explained in this way. 

It is also evident that the gas enrichment will influence the course of crystallization and differentia- 
tion of the magma. The importance of the water content of the magma to these processes has been 
pointed out by Goldschmidt (1922). He pointed in particular to the characteristic difference between 
the opdalite-trondhjemite kindred and the anorthosite-charnockite kindred, the former having had a 
“wet ,” the latter a “ dry” parent magma. Now the rocks of the former kindred are assumed to have 
been formed under hypabyssal conditions (concluded e.g. from the repeated recurrent zoning in their 
plagioclase), the latter under typically abyssal conditions (regularly associated with eclogites and 
granulites). This is in full harmony with the theory of an upward diffusion of the volatiles in a deep 
magma basin. 


FORMATION OF PERALKALINE ROCKS THROUGH ENRICHMENT OF CARBON DIOXIDE AT THE TOP OF A MAGMA 


It is my conclusion that peralkaline rocks are formed through upward enrichment of CO, in a 
very deep-seated magma basin with great vertical extension. This conclusion is supported by the 
frequent association of these rocks with magmatic and quasi-magmatic (hydrothermal) carbonate 
rocks, and with rocks of the kimberlite-alndite-damtjernite group. Also their richness in F, Cl, and 
elements which form volatile halogenids (P, Ti, Zr, Nb) indicates that they have been formed at the 
top of a magma basin. The parent magma may have been basaltic or peridotitic (kimberlitic). 

Since CO, is a gas whose solubility in magma is dependent on the pressure in a way similar (at 
least qualitatively) to that of the water vapour, it will be enriched at the top of any magma mass with 
great vertical extension. Its solubility under different pressures can be computed after the method of 
Goranson, when the necessary constants are determined, and then also the degree of enrichment can 
be computed. This is an important task in order to throw light on the problem here concerned. 

The conditions in nature must be supposed to be complicated, as CO may also be formed, and a 
chemical equilibrium exist between CO and CO, (CO, + 2FeO = CO + Fe,0O;). In very great 
depths also elementary C may be formed (cf. the occurrence of diamond in kimberlite). 

CO, has another important property: it can react with water and form an acid, which dissociates 
in the ions H+, HCO*,, and CO,+*+. At magmatic temperatures the degree of dissociation is high, 
and a large quantity of CO, dissolved in a magma will produce a rather high concentration of H*-ions. 
The ions will have a tendency to diffuse downward in the magma (the concentration being much higher 
at the top than in deeper levels), and the stationary state in the magma will thus be a dynamic 
equilibrium between an upward diffusion of CO, molecules due to the difference in pressure between 
the higher and deeper levels, and a downward diffusion of ions due to the concentration gradient. 
Now the H+-ions have a much higher rate of diffusion than the heavier ions, and will diffuse downward 
in advance of the CO,+*+ and HCO,* ions. An upward-directed. electric field will thus be produced. 
This field will retain the downward diffusion of the H+t-ions and aid that of the anions, and thus 
prohibit separation of the two sorts of ions. 

.Hitherto I have reasoned, as if carbonic acid had been the only dissociated substance in the magma. 
The final result would then be that the total concentration of CO,, HCO,*, and CO,+t+ became 
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constant in time and a certain function of the level, with a maximum value at the top of the magma 
chamber. A vertical electric field, likewise constant in time and a function of the level, would be 
‘established. The magma contains, however, many other ions, viz., the negative silica ions and the 
positive ions of Na, K, Ca, Mg, etc. All these ions will be affected by the electric field which is 
established through the upward enrichment of carbonic acid. The silica will be drawn downward, 
the kations upward. According to well-known experience in electrolysis of silicate melts the silica 
is nearly immobile, while the kations, and especially Nat and K+, but also Ca++, are easily moved by 
an electric field. The result is, consequently, that the strong bases (alkali and lime, and together with 
them baryte) are enriched at the top of the magma chamber together with the carbonic acid. Popularly 
it can be said that the carbonic acid repels other acids, and attracts bases. No quantitative theory 
can be worked out here. The many different substances will influence each other’s activities in a very 
complicated way, and the complexity of the process and the great number of unknown factors prohibit ? 
any attempt at calculation. Also the concentration curve of the carbonic acid in different levels will 
be influenced in a way which is difficult to predict. 

The qualitative theory outlined here can, however, be checked experimentally by means of an 
ultracentrifuge. It must here be worked with acid- or base-forming gases (SO,, NHs) together with 
non-volatile acids and bases in water. To experiment with silicate melts will be extremely difficult. 

We have now seen that at the top of a deep-seated magma mass there is a possibility for having 
formed a magma which is highly enriched in: 

(1) Volatiles: H,O, CO,, HF, HCl, fluorides of P, Ti, Zr, and Nb. 

(2) Strong bases: Na,O, K,0, CaO, BaO. 

This magma has the same composition as the magma which must have formed the peralkaline 
eruptive provinces of the Fen district type. 

The conditions for having formed such a peralkaline magma must, however, be rather peculiar. 
Firstly, the vertical extension of the magma mass must be great enough to effect a material enrichment 
of CO, at the top. As the solubility of CO, in silicate melts under different pressures on the gas and 
the melt has not been studied, no statements on the absolute value of the necessary height can be made. 
The concentration of CO,, and the resulting alkalinity of the top magma, will be more pronounced, 
the greater the height of the magma chamber is. Secondly, the top of the magma mass must stay in 
an approximately constant level for a very long time (certainly many millions of years), so that both 
the enrichment of CO, and the following enrichment of alkali and lime can take place undisturbed. 
This involves: 

(1) The process must take place in a deep level in the earth’s crust. No magma, and in particular 
not one which is loaded with volatiles, can stay in constant level for a long time near the earth’s 
surface. It will here sooner or later find its way to the surface, or expel the volatiles through fissures, 
or cool and crystallize. 

(2) The geological milieu must be stable; in particular orogenic movements must not take place. 
In active orogenic zones the diffusion processes will always be disturbed; at most the water can be 
enriched to some extent, so that it can cause the usual volcanic phenomena (as the water has lighter 
molecules than the carbonic acid, it will have a higher rate of diffusion). On the whole we arrive at 
the conclusion that peralkaline rocks can only be formed in stable parts of the earth’s crust, outside 
active orogens. This is in full harmony with our field experience on these rocks. 

The peralkaline magma which is formed near the roof of a deep magma basin, will have a 
temperature similar to that of the basaltic (or peridotitic) parent magma, or perhaps somewhat higher, 
owing to the thermal effect of the gas transfer. This temperature is higher than the lower liquid 
temperature of a granite, and the peralkaline magma will, therefore, have a pronounced chemical 
reactivity toward granitic rocks (which usually constitute its country rock). The granitic rock will be 
assimilated, and a heterogeneous group of nepheline syenites and related rocks will be formed. In 
some cases the assimilation processes may proceed so far that the primary peralkaline rocks (urtite, 
ijolite, etc.) are not developed at all. 
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The extremely high content of CO, and other volatiles in the peralkaline magma also makes it 
_ understandable that the country rock is imbued in a considerable distance from the magma, and e.g., 
_ granite transformed into alkali syenite (fenite, umptekite). 
When the peralkaline magma is cooled, the volatiles will form a hydrothermal phase, which 
generates hydrothermal carbonate rocks, and also can react with already consolidated silicate rocks. 


THE POSSIBILITY OF TESTING THE THEORY DEVELOPED IN THE PRESENT PAPER 


stated in the foregoing the theory seems to explain many of the peculiarities of the peralkaline 
rocks: 

(1) That they only occur in stable parts of the earth’s crust, outside active orogenic zones. 

(2) That they are often associated with kimberlite and related rock types (alndite, damtjernite), - 
which are commonly assumed to be derived from very great depths. _ 

(3) That they are often associated with carbonate rocks. 

(4) That they are rich in F, Cl (volatiles), Ti, Zr, P, and Nb (elements with volatile halogenids). 

(5) That they are rich in Ba, and in some cases (Alnd) accompanied by baryte dykes. 

(6) That they are surrounded by zones of rocks formed through alkali metosomatism in the 
country rock. 

In order to have the theory further tested, the following investigations must be carried out, as 
stated in the previous chapters: : 

(1) Experimental work (by means of an ultracentrifuge) on the vertical distribution of a volatile 
_ substance dissolved in a liquid, and on the effects of a local concentration of an acid-forming gas on the 

distribution of other dissociated solutes. 

(2) Determination (after the method of Goranson) of the solubility of CO, in silicate melts under 
different pressures on the gas phase and the melt. 

f (3) Determination of the rate of diffusion of the different components, in particular the volatiles, 
in silicate melts. 

(4) Detailed geochemical investigation of peralkaline rock provinces, in order to get a complete 
record of which elements are enriched in relation to their occurrence in normal granitic and basaltic 
rocks. The theory demands that the enriched elements shall belong to one of the following categories: 

(a) Elements which easily form volatile compounds. 
(b) Elements which form strong bases with mobile kations. 

(5) Detailed field work in as many peralkaline rock provinces as possible. In particular the mode 
of occurrence of the accompanying carbonate rocks must be investigated very elaborately, in order to 
make clear their genesis (magmatic, hydrothermal-metasomatic, included fragments of sedimentary 
limestone). Likewise, it will be important to search for indications of a metasomatic genesis of some 
of the silicate rocks (e.g., nepheline syenite and ijolite, such as is pointed out by Eckermann in the 
Aln6 district). 


PROBLEMS IN CONNECTION WITH THE THEORY 


It is easily seen that the theory is based on the view that the earth is solid down to great depths, 
and that individual magma basins may be formed through local fusion. This view is strongly 
supported by geophysical experience, and will be furthermore supported, if my theory should be 
confirmed by future research. 

An important problem is the origin of the CO,, which, in the theory, plays a dominant rdle in the 
genesis of peralkaline rocks. It is a fact that CO, is a very common constituent of volcanic gases, and 
the presence of the element C in great depths is indicated by the occurrence of diamond in the 
kimberlite pipes. In some cases the CO, in the magma may have been derived from assimilated 
limestone, and some alkali rock provinces may have been formed in this way, but, as stated in the 
introduction, it can hardly be any general explanation. It is probable that carbonates (or elementary 
carbon, which readily forms CO, through reaction with Fe,O; when the rock is fused) have a wide 
distribution in the deeper parts of the earth’s crust. 
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DISCUSSION 


H. von ECKERMANN: According to Dr. Saether’s representation hydrogen should diffuse downwards. That must 
lead to a corresponding water concentration, while the evidence at Alné indicates the opposite. Neither is there any 
Na concentration upwards as postulated by Saether. 

The Aln6 alkaline occurrence being the almost exact counterpart 6f Fen in Norway (the former representing, however, 
a higher level of the intrusion) the probability of Saether’s hypothesis may be tested by comparison with Alné. In that 
light it does not seem very probable, the genesis certainly being more complicated both at Aln6 and Fen. ie 

The occurrence of CO, and other volatiles both as vapour and as part of the melt, must be taken into account, the __ 
ratio being determined by the temperature, pressure and concentration, viz., equilibria of all the components of the 
melt. 

A. STRECKEISEN asked concerning the source of the considerable amount of CO, in peralkaline rocks. Why are 
there deep-seated magma-chambers rich in CO, which produce the peralkaline rocks, and why are other magma-chambers, 
deep-seated too, poorer in volatile substances and producing the rocks of the ordinary calc-alkaline rock suite? 

C. E. TILLEY: What is the mode of origin of the carbonate dikes in the Fen District of Norway? 

E, SAETHER (in reply): My reasoning on the migration of the CO, is based on the fact that the solubility of CO, in 
magma is dependent upon the pressure in such a way that it is dissolved at high and expelled at lower gas pressure. It 
does not matter in which form it is actually present in the solution (CO, molecules, carbonate molecules, ions, CO 
molecules, or elementary C). 

The downward diffusion of H* ions will only slightly alter the feature that the water is concentrated in the top portion 
of the magma together with the carbonic acid. 

The Fen district is more deep-seated than the Alné district, and most of the differences between these districts can be 
explained hereby. In the Fen district we have no signs of explosive volcanism, and no cone sheets. There is clear evidence 
that parts of the carbonate rocks have been formed through metasomatism of silicate rocks. 

There is no essential difference between magma masses which form peralkaline rocks and the other magma masses. 
The former have, however, had great enough vertical extension and long enough time to develop alkalinity in the top 
portion. The chief condition for this is situation in a stable part of the earth’s crust. 

I have made no definite statements on the origin of the CO,. It may in some cases be derived from assimilated lime- 
stone, but I would rather assume a wide distribution of carbonates in the deeper parts of the earth’s crust. 

There is evidence that the “‘ dikes ” of carbonate rock in the Fen district have been formed through pressing of the 
carbonate into fissures in a solid, but plastic state (like “‘ boudinage ” in sediments). 
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ON THE ANATECTIC DIFFERENTIATION IN 
GRANITIC AREAS 


By K. SMULIKOWSKI 
Poland 


ABSTRACT 


Each of the main processes of rock-formation has its own mode of differentiation, controlling the repartition of different 


- chemical elements within the earth-crust. The same may also be said about the process of anatexis of rocks in deeper 


levels of the sialic zone. The resolution of various minerals and rocks constituting a given rock-complex, must be fractional 
and gradual, separating more fusible materials from the more refractory ones. 

For a convenient classification of the products of anatexis some special petrogenetic terms seem to be needful: 
(1) Palingenites—products of the secondary melt originating by anatexis, (2) Lipotectites—solid remainders of the primitive 
rock-complex, (3) Diachytes—rocks relaxed by partial refusion, with abundant refractory crystals swimming in a palin- 
genetic medium (transitional between 1 and 2). Lipotectites may be divided into (a) Afectites not at all affected by the 
liquefied portions and (b) Metatectites more or less altered by the action of mobilized fluids. The anatectic series: 
Atectites, Metatectites, Diachytes, Palingenites, may show a mode of differentiation very similar to a pure magmatic 
suite. 

Very instructive examples of such anatectic differentiation are found in the Archaean granitic areas of Volhynia and 
they may be illustrated by suitable graphs. 


in a secondary way, by essential transformations of some other, especially sedimentary rock- 
masses. The last decades have furnished many examples from different countries, proving irrefutably 
such a possibility. Serious dissentions, and even contradictions exist, however, concerning the 


IL: is beyond any doubt nowadays that the granites and allied acid deep-seated rocks can originate 


mechanism and the causes of secondary granite-forming processes within the Earth’s crust. Endless 


discussion upon this problem in geological world literature did not succeed in reaching agreement 
with regard to fundamental ideas in this matter. 

One group of petrologists considers the granites as products of metamorphism and metasomatism 
of sedimentary rocks (“‘ Granitization”’), by action of some emanations surging from beneath 
(‘‘ Rheomorphism’”’ of Backlund). Stating incontestable proofs of mutual replacement among the 
minerals of many granitic rocks, they do not believe in the existence of any notable amount of fluid 
phases in them and they question the occurrence of any granitic magma within the Earth’s crust. 
The other group referring to the tradition of classic igneous petrology, accept the generation of fluid 
granitic magmas in the depths of the lithosphere evidenced, in their opinion, in intrusive contacts 
and in volcanic eruptions of acid lavas. These magmas could originate partly from melts remaining 
after fractional crystallization of basaltic magmas, partly from initial fractions of secondary remelting 
of some pre-existent rocks (including sediments). 

Both kinds of views upon the origin of granites, mentioned above, are usually sharply opposed. 
The author does not understand why they should be considered as contradictory and why they should 
exclude one another. During many years of petrological work in the granitic areas of Volhynia (1946), 
he was able to investigate innumerable examples of granitization and mineral replacement in a solid 
condition, and nearby also many signs of magma-bearing liquefaction of some rock-fractions. In 
consequence he was led to the opinion, that in the granitic areas of that country both granite-forming 
processes were superposed one upon another in the time-sequence, and contributed jointly to the 
important complexity of these areas. Moreover he thinks that only a suitable combination of both 
ways of granite-formation can create a right basis for the interpretation of the whole granite-problem. 
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The granite-bearing activization of an orogenic belt begins probably by the afflux of a 
from the substratum, granitizing sedimentary complexes in a metasomatic way, without any notable 
liquefaction (‘‘ Rheomorphism ’’). Such emanations can hardly be regarded as anything else than a — 
mobilization of more volatile compounds of the substratum, owing to the rise of their vapour-tension — 
on account of increasing temperature. The ascent of geo-isotherms in the geo-synclinal complex — 
extends the reach and the grade of its granitization, This ascent leads finally to partial mobilization 
of liquid phases, i.e. to “‘ differential anatexis’’ in the sense of Eskola. At first only the most fusible 
compounds of the complex fall victim of that liquefaction, later on gradually others are included, 

contributing to the origination of a palingenetic granite-magma. Thus the swelling granitization — 
(‘“‘ Migmatite-front”’ of Wegmann) spreads more and more, preceding and preparing the subsequent 
flood of anatexis and palingenesis; both the latter, however, promote the front of granitization further 
and further supporting and reviving their granitizing emanations. 

The primitive rock-complex which is the scene of those transformations may be composed of very 
different materials such as sedimentary strata of various kinds, with some intercalations of basalt or _ 
diabase, subsequently metamorphosed into crystalline schists or gneisses with some beds of amphibolite . 
or hornblende-hornfels. It is not very probable, that any granitizing metasomatism could efface + 
completely such contrasts of composition. Posterior anatexis begins with the solution of only those 
rock-components of the metamorphosed complex, which are of a most susceptible composition 
(rich in alkali-feldspars). More basic rocks, as amphibolites or hornblende-hornfelses, resist its 
action obstinately and are left in a crystalline state. Thus during the anatexis the rock-complex splits 
into dissolved fractions furnishing an acid and alkali-rich palingenetic granite-magma and, on the 
other hand, in some alkali-poor and more basic fractions, rich in lime, iron and magnesia. The former 
called Palingenites, lose entirely their primitive textures, reaching the condition of a secondary magma. 
The latter may be called Lipotectites (i.e., saved from re-fusion); they conserve their primitive meta- 
morphic textures, which, however, may become less and less conspicuous in the course of advancing 
recrystallization. 

A schematic picture of such processes is offered in Fig. 1. A further progress of differential anatexis 
at rising temperature liquefies greater and greater masses of the whole rock-complex. Components 
more and more rich in lime and magnesia pass to the palingenetic magma, and thus the lipotectites 
are gradually reduced to the most refractory rock-components. They can maintain in part their 
primitive unaltered condition, owing to their mineral composition and very coherent texture (Atectites). 
More often, however, they are impregnated by the surrounding palingenetic magma, and subjected to 
gradual granitization (Metatectites); thus they may become less refractory and may relax slowly, 
setting free their mafic compounds as epidote, hornblende, biotite or calcic plagioclases. The 
palingenetic magma thus becomes contaminated with crystals of these minerals, acquiring an inter- 
mediate composition (Diachytes = relaxed rocks). Loose crystal-aggregates of such origin are called 
Mianthites (staining elements); bigger and compact fragments of torn lipotectites give dark melanocratic 
enclosures in palingenites. 

A subsequent folding of those mobilized half-liquid masses within an active orogenic belt sets them 
in an upward flowing motion. Shallower levels affected only by a metasomatic granitization or, at 
best, invaded by granitic secretions pressed from beneath (migmatites), cannot be distinctly differen- 
tiated during that motion. They constitute a plastic, but really not fluid migma, pressed in an inert 
state in superior structures of the rising mountain-chain, as batholith-like domes. The variability 
of composition is due partly to primitive differences in the granitized rocks, partly to superinduced 
metasomatic changes. 

However, the flood of anatectic masses liquefied in a high degree surges underneath. In a fluid 
granite-juice float abundant crystals of undissolved and more refractory minerals. In various grades 
of fluidity those masses are submitted to a differentiation during their motion: more liquid portions 
flow more quickly than those overburdened with crystals. The granitic fluid is squeezed from the mush, 
leaving the crystals condensed in lenticular nests stretched in the flow-direction of the whole anatectic 

132 


a > a ~~ Pa La “, re - a. Q 7 
ey ; * = — 


SMULIKOWSKI: ANATECTIC DIFFERENTIATION 


complex. In the same manner are also disposed the undissolved lipotectites, as remnants of amphi- 
___ bolitic intercalations in the primitive rock-complex. 


Such a picture of fluidal tectonics is presented, in the opinion of the author, by Archaean granitic 
areas, investigated by him in North Volhynia (environs of Kleséw, Tomaszgréd, Wyry and Rokitno). | 
The main rock-ground of these areas consists in pink leucocratic, mostly. fine-granular granites 
(aplogranites and microgranites), in which numberless shreds, lenses or nests of coarser grain . 


_ are loosely suspended with mostly parallel strikes E—W. or N.E.—S.W. All these rocks 


exhibit true consolidation-structures, and their ability to penetrate the solid materials with narrow 
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Grade of Liquefaction of the Whole Complex 


fig. 4 
Classificatory Scheme of the Products of Anatexis 


veins speaks also in favour of their fluid origin. They are widely differentiated in their composition, 
offering a distinct. and continuous rock-series from hololeucocratic and potash-rich aplogranites, 
over common granites, adamellites and granodiorites to syenodiorites. The latter rock-group is marked 
mostly by a coarse hypautomorphic grain and composed chiefly of big closely packed oligoclase or 
andesine crystals with distinct signs of protoclastic deformation. They look as if they were local — 
accumulations of plagioclase, like anorthosites. 

The whole series show characteristics of true magmatic differentiation by crystal-sorting of 
plagioclases with minor amounts of mafic minerals (hornblende and biotite). The one pole of that 
series is realized in the syenodiorites, enriched in less fusible compounds, the other pole is given by 
alkali-aplogranites, rich in quartz and alkali-feldspars as minerals of rest-crystallization. 

Relying on these arguments the classic petrology of igneous rocks would be inclined to consider 
the whole series of pink granites of Volhynia as products of true and primary magma. This would be, 
however, certainly wrong, because amidst those granitic masses there are many concordantly disposed 
intercalations of dark-coloured lipotectites, with very characteristic structures showing that they have 
never been fluid, but were conserved as metamorphic hornfelses or amphibolites. They offer many 
symptoms of metasomatism and granitization, but they have not been incorporated in the magma. 
The surrounding granites penetrate them with numerous veins and tear them in pieces forming dark 
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enclosures. Sometimes the lipotectites are loosened in mianthitic aggregates of mafic rhea 
contaminating the granites and producing diachytic types. But even then many traces of relic-textures 
may be observed, proving their non-magmatic origin. . : 

Lipotectic intercalations among the red granites may be also arranged in a continuous petrologic 
series with apparent signs of true magmatic differentiation: hornblende-gabbros, amphibolites, 
diorites, microgranodiorites and microgranites. The first members of this series, rich in augite, 
hornblende and basic plagioclases, conserved best their original textures owing to their resistance 
against the granitizing and anatectic agents. Further members of this series underwent more and 
more essential metasomatic transformations, became gradually impoverished in hornblende, which 
was substituted by biotite, and enriched in quartz and potash-feldspar; thus they approached evermore 
the granitic composition. Finally by a relaxation of their internal structure, they passed into diachytic 
types, dissolving and soaking in the surrounding red granites. The differentiation of that lipotectic 
series consists therefore in a varying grade of metasomatic granitization; finally, however, it interlocks 
with gradual granitic fusion, i.e., with true palingenesis. 

In the light of those observations it seems justified to consider the granitic areas of North Volhynia 
as a scene of far advanced anatexis, in so far as considerable amounts of true granitic magma have been 
produced. This process was probably preceded by granitizing metasomatism, which may be conserved 
in various stages in the lipotectites. The rock-masses dissolved by anatexis seem to have been submitted 
to some process of differentiation, resembling closely that assumed by classic petrology for normal 
primary magmas (differentiation by fractional crystallization after Vogt, Bowen and others). 
Obviously, it would be hardly admissible, that amidst these palingenetic masses a gravitative crystal- 
settling could play any important réle; yet it may be expected, that differential movements of these 
masses during orogenesis could squeeze out the intergranular liquid and separate to some extent 
various phases from each other. 


The whole complex of differential processes during anatexis may be called anatectic differentiation. 
The resemblance of its effects with those of the differentiation of primary magmas is not difficult to 
explain, as has been pointed out long ago by Eskola. Fractional crystallization of the melt by a fall 
of temperature or by the escape of volatiles, and fractional fusion at rising temperature, or by an 
afflux of volatiles, are to some extent reversible processes; the action of both should lead, in their 
various stages, to similar, sometimes maybe identical results. 


In the northern part of the Volhynian Archaean, as examined by the author, the process of anatexis 
reached probably a very high degree. The palingenites, comprising the series of red granites and 
allied rocks, make up over 90 per cent of the total area. Lipotectites, however, amount to less than 
10 per cent and comprise chiefly dark rocks rich in hornblende and plagioclase, i.e., very refractory 
mineral combinations. This would mean, that the area in question originates from very deep zones 
of orogenesis. The graph 2a represents the differentiation of palingenites and lipotectites with regard 
to the following mineralogical parameters, calculated from micrometric analyses of rock-slides of 
220 rock-samples (in vol. percentages) :— 


Q — quartz 

A’ —alkali-feldspar (potash- and soda-feldspar) 

P’  —plagioclase more calcic than 12 per cent of anorthite 
A  —alkali-feldspar without albite 

P — plagioclase including separate albite 

xumaf— sum of mafic minerals 

An — Percentage of anorthite in the plagioclase 


The graph is composed of a triangle QA’ P’(Q + A’ + P’ = 100) and of a twofold orthogonal 
diagram, illustrating the relation of Umaf to P and of An to P. It may be seen here, that the lipo- 
tectites are more melanocratic and for the most part rich in plagioclase with higher anorthite-content. 
On the other hand, the palingenites extend in a wide belt from the alkali-types (on the side A’Q of 
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the! triangle) far on the right, reaching the field of plagioclase-rocks, overlapping there partly the 
lipotectic area; in the lower part of the graph they manifest themselves as quite leucocratic (low Dmaf) 
and less calcic (lower An) than the lipotectites. . 


The southern part of the Volhynian Archaean, on the Slucz and Korczyk-rivers, exhibits a different 
lithological composition (Smulikowski, 1947). Most part of that area is composed of fine-granular 
gray gneisses, which are invaded in a synkinematic manner by light-gray granites and granodiorites 
_ of Korzec-type, or intricately migmatized by them. In some places they are intruded by discordant 
younger granites or tonalites. Reddish granites, comparable with palingenites of the northern part 
of Volhynia, outcrop there but locally in subordinate amounts, as posterior impregnations in mig- 
matitic rock-complex; they have been formed at its expense by way of metasomatic granitization 


(IT) Lipotectites 
Palingenites 
fig.2a fig.2 b 
Northern Part Southern Part 


of the Granitic Areas of Volhynia 


or by palingenesis on a very small and initial scale. It seems probable therefore, that we have here to 
do with a very shallow level of anatexis, which could affect the older gneisso-granitic complex in but 
an insignificant grade. According to such supposition the graph 2b shows the red palingenites strongly 
restricted to a small field at the side A’Q of the triangle, i.e., very little differentiated and holding but 
highly alkaline and potassic rocks from the initial stages of liquefaction. On the other hand the gray 
granito-gneissic (migmatitic) rocks, not affected by the transformation, extend far to the left from 
the plagioclase-corner of the triangle, filling the total range of differentiation. 


A petrological comparison of both northern and southern parts of the Volhynian Archaean, as 
given by the graphs 2a and 2b, leads to the hypothesis that the older complex of gray granito-gneissic 
masses was the primitive substratum, which in later stages of the orogenic evolution was submitted 
to regional anatexis and furnished secondary red granites (palingenites). Northern areas present 
probably products of deeper levels emerging in a anticlinorial belt of mountain-chain (Volhynides 
after Malkowski); their presumed level of anatexis might be traced in the schematic graph Fig. | at a-a. 
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riods of orogenesis reveals very wide perspectives for the geochemist 

‘shields. It is the principal scope of the present report to call attention to such geochemical f 

‘The distribution of chemical elements within the Earth’s crust ought to be examine on 
a general cycle of its evolution. Such a cycle may be considered as beginning from true 
partly primary origin (‘‘ juvenile”). From the activity and different products of this magm. 
over the processes of weathering, transport and sedimentation, down to the metamorphism an ‘t 
to the anatexis, producing new palingenetic melts and thus joining again with magmatic acti 
(general scheme Fig. 3). Each of these sectors of the cyclic evolution of the Earth’s crust, has its o' 
mode of differentiation, governing the geochemical migration and distribution of several elements. 
The geochemical behaviour of each element depends on its individual properties at different scales 
physico-chemical conditions proper to various sectors of the cycle. The anatexis and the differentiation 
connected with it must play also a very important role in the geochemistry of the Earth’s crust, as — 
was pointed out by Eskola and Rankama. ; . 
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fig. 3 
Evolutional Cycle of the Earth's Crust 
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Modern geochemistry considers the sialic Earth’s crust (after Goldschmidt) as the place of 
concentration of various products of rest-crystallization; on the way of fractional crystallization of a 
basic primitive magma the last-crystallizing elements form a rest-magma usually of graniticcomposition, _ 
accumulating at the top of the silicate-zone of the Earth. In this way the sialic Earth-crust (called often 
“granitic layer’) was distinctly enriched in such elements as K, Li, Rb, Cs, Be, Sr, Ba, B, Rare 
Earths, Th, U, Nb, Ta, W, etc., but impoverished in Mg, Ca, Ti, Fe, Cr, V, P, Ni, etc. This fundamental 
thesis of geochemistry should be rejected nowadays, as modern petrologists affirm more and more 
often, that the granites do not originate from the differentiation-remnants of any basic primary magma, 
but are produced by a transformation of various, chiefly sedimentary, rocks. A metasomatic migration 
of several elements, during the granitization of sedimentary complexes, cannot explain the whole 
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oblem of geo-chemical differentiation of all elements within the Earth’s crust in such a complete and 
oretically justified manner, as was done by Goldschmidt’s hypothesis. | at 
i The introduction of the anatectic differentiation into general geochemical considerations could 
_ Temove most of these troubles and generalize the principal idea of Goldschmidt. Because during the 
s -anatexis of older rock-complexes, consisting of sedimentary as well as igneous materials, the fractional 
fusion must introduce into palingenites first, all the elements of rest-crystallization and leave the 
_ elements of earlier crystallization in a non-mobilized state in the lipotectites. Thus the palingenites 
_ must be enriched in the elements of the former, and impoverished in elements of the latter group. 
During orogenesis the palingenites, as essentially fluid, are mobilized and conveyed in an upward 
direction more easily than the lipotectites. Thus in the course of the full history of the Earth’s crust 
_ its uppermost layers must have been strongly enriched in acid leucocratic and alkali-rich rocks of 
_ granitic composition, concentrating all elements of rest-crystallization. The geochemistry of the 
Earth’s crust seems therefore to manifest a very significant convergence: primary as well as secondary 


processes of differentiation lead to quite similar effects of accumulation of-granites in the superficial 
layers of the Earth. 
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fig. 4 
Niggli's Diagram of Finnish Granites 


Such views in geochemistry were formulated for the first time by Rankama (1946). This author 
made a distinction between granitophile elements, which pass during anatexis into fluid fractions, and 
granitophobe elements, which remain in the infusible portions. If in an area many granitic intrusions 
of different age are found side by side, it may be supposed that the younger granites are at least in part 
products of palingenesis of the older ones. Selective fusion, repeated several times, would increase 
gradually the concentration of granitophile elements in the younger granites, as was in fact stated by 
Rankama, in some cases for several rare elements as Li, Rb, Cs, Be, Ba, Lanthanides, Ta and Pb. 
The conclusion of the writer drawn from his petrological studies of Volhynia, as concerning the 
geochemical importance of anatectic differentiation, harmonize very well with these geochemical data. 

Finally an example from the Finnish Pre-Cambrian may be cited, supporting the thesis of anatectic 
differentiation. The crystalline trunk of the Svecofennides in Middle- and South-Finland contains 
four groups of granitic intrusion of different age: (A) Prim-orogenic gray svecofennian granodiorites, 
(B) Ser-orogenic syecofennian granites, (C) Post-orogenic porphyroide granites (Onas, Obbnas, etc.) 
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ON THE PECULIAR FEATURES OF THE SEDIMENTARY ORE PROCESS 
IN THE GEOCHEMISTRY OF IRON 


By N. M. STRAKHOV 
U.S.S.R. 


ABSTRACT 


As shown by the distribution of iron in the sediments of a number of present water basins: Lake Balkhash, Aral Sea, 


Black Sea, Caspian Sea, Lake Issyk-kul, Atlantic Ocean, Barents Sea, Lake Baikal, the iron content of sands is the lowest, 


that of silts, higher, and that of clay sediments, the highest. In this way, as sediments, iron ores are not formed. 

The distribution of iron in water basins is controlled by at least five independent processes: (1) supply of iron by 
rivers and its distribution in the water basin by water movements; (2) subaqueous seepage of ground waters; (3) deep 
current; (4) migration of iron during diagenesis; (5) subaqueous hydrotherme. 

Only the second, fourth, and fifth of the above processes are ore-forming, and to each of these a particular type of 
ore corresponds. With subaqueous seepage of ground waters, hematite, hematite-chamosite, chamosite, chamosite- 
bauxite ores of an oolitic texture are formed, occurring in beds of greater or lesser size. With diagenesis of fresh-water 
lake sediments, inland seas, and lagoons, concretional siderite ores are formed; the same are produced also in sediments 
of normal water basins low in carbonates. Subaqueous hydrotherme produce hematitic (and possibly pyritic) ores, 
occurring in short but thick lenses; these ores are peculiar to geosynclinal zones. 


CONCENTRATION AND DISSEMINATION OF CHEMICAL ELEMENTS IN THE 
EARTH’S CRUST AS A RESULT OF OXIDATION AND REDUCTION PROCESSES 


: By V. TSCHERBINA 
U.S.S.R. 


ABSTRACT 


1. The following 33 elements take part in the oxidation-reduction reactions of the earth’s crust (i.e., one-third of all 
the elements of the periodic system): H, C, N, O, P, S, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, As, Se, Mo, Ru, Pd, Ag, Sn, Sb, 
Te, I, Ce, W, Re, Os, Pt, Au, Hg, Pb, Bi, U. 

2. The elements concentrated upon oxidation are generally disseminated upon reduction, and vice versa. 

3. The following are concentrated as a result of oxidation: 

(a) Elements forming oxidized, easily hydrolyzed compounds with a precipitation of slightly soluble hydroxides: 
Fe (OH), MnO., Co,03, PbO, Ce (OH).. 

(b) Salts of metallic acids: MoO,’ ’, VO,’ ’ ’, CrO,’ ’, etc., as well as PO,’ ’ ’ and AsO,’ ’ ’, partly SO,’ ’, SeO;’ ’, 
FeO,’ ’, giving difficultly soluble salts with Ca, Pb, Fe’ ’ ’ and some other cations, 

(c) Compounds that are less volatile in the oxidized form than their free elements; for H, N, S, Hg these are 
water, hydro-carbons, nitrates, sulphates, cinnabar. 

4. The following are concentrated as a result of reduction: 

(a) Native metals formed upon reduction of their oxides (excepting mercury) and carbon. 
(b) Some oxides: Cu,0, MoO,, ReO,, UOz, as well as HgCl. 
(c) S, Se, Te in combinations with metals of the type of sulphides. 
5. The direction of the oxidation-reduction processes is determined by the facies in which they occur. 
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‘THE DISTRIBUTION OF toss v, Ni Co AND Cu | DURE 1 
_ THE FRACTIONAL CRYSTALLIZATION OF Arne. 
ote | BASIC MAGMA 


By L. R. WAGER and R. L. MITCHELL 
Great Britain 


ABSTRACT 


The amounts of certain trace elements have been determined by optical spectrographic methods in minerals — 
separated from the Skaergaard intrusion. The minerals were formed successively as a primary precipitate from a con- 


vecting mass of basic magma (Wager and Deer, Meddel. om Grénland, Band 105, No. 4, 1939). The amounts of trace 
elements in the original magma have been obtained from analysis of the chilled marginal gabbro and sufficient later 


rocks have been analyzed to allow estimates to be made of the trace element composition of successive residual magmas. _ 


By comparing the amounts of the trace elements in the crystal phases and the amounts in the corresponding magma an 
approximate distribution ratio between liquid and crystal phases has been obtained. 


In the case of Cr, Ni, and Co the amounts precipitated in chromite and in early pyroxenes and olivines are greater than — 
the amounts in the magma. Thus the amounts of these elements in successive residual magmas decline—Cr and Ni 


rapidly, and Co slowly. On the other hand the amounts of V and Cu precipitated in the early minerals are less than the 
amounts of these elements in the original magma, and the amounts of these elements increase for a time in successive 
residual magmas and then also decline rapidly. In the later rocks Cu enters with about equal ease into the feldspar, 
pyroxene, olivine, and iron ores; so far no convincing crystal chemical explanation of this has been found. 

The trace element composition of the iron ores has been investigated; early primary precipitates of iron ores have a 
trace element composition comparable with average values for titaniferous iron ores as found by Landergzren (Sveriges 
Geologiska Undersokning, Arsbok 42 (1948) No. 5), while later iron ores have a composition comparable with 
‘Landergren’s average values for the apatite iron ores. 


I. INTRODUCTION 


HIS communication deals with the distribution of certain trace elements in the layered Skaergaard 


intrusion of East Greenland. As Buddington (1943) has emphasized, the detailed study of layered 

intrusions should provide data of special significance for geochemical problems. 

The broad factors controlling the distribution of trace elements have been magnificently elucidated 
by V. M. Goldschmidt and his collaborators. Their generalizations were based on determinations of 
trace constituents in rocks and minerals of all kinds of paragenesis and from localities widely 
scattered about the world. The data here presented, like those of Nockolds and Mitchell given in their 
recent paper on the geochemistry of some Caledonian plutonic rocks (1948), are the results of analyses 
of.a series of related rocks and of the rock-forming minerals separated from them. A stage has now 
been reached when, in our view, investigations are urgently required of the trace elements in the rocks 
and the individual rock-forming minerals of single intrusion complexes or of single petrographic 
provinces where the petrogenesis is reasonably well understood. 


Goldschmidt’s geochemical work led to an understanding of what may be called the crystal- 
chemical factors of trace element distribution such as ionic size, charge and polarization, and it will 
be seen that these factors are operative in the rocks and minerals here considered. But besides the 
crystal-chemical factors there are geological or petrogenetic factors which exercise a different, but 
equally important control. In the case of the Skaergaard intrusion, the main petrogenetic process 
involved in the distribution of both the major and minor constituents was fractional crystallization. 


The petrology of the Skaergaard intrusion has already been described in some detail (Wager and 
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Deer, 1939). The intrusion was originally a pool of basaltic magma within the upper crust, having a 
_ volume of about 300 cu. km. The initial composition, judged by the nature of the chilled phase at 
contacts, was that of a fairly typical olivine basalt. During cooling strong fractionation took place, 
giving the layered series which is several kilometres thick and which was built up from the bottom 
upwards, by the accumulation of crystals successively separated from the overlying liquid. It is 
estimated that half the layered series is at present inaccessible, being beneath the present level of 
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Fic. 1.—Composition of the chief minerals of the layered series plotted against height in the intrusion. 
(Reproduced by permission from Meddel. om Grénland, Bd. 105, 1939). 


erosion. The chief minerals in the accessible layered rocks and their changes of composition are shown 
diagrammatically in Fig. 1. se | 
The five trace elements to be considered summarily in this communication suffice to illustrate 
certain general principles. Data for several other trace elements have also been obtained and it is 
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“Garabal Hill—Glen Fyne Complex (Nockolds and Mitchell, 1948) 


Ultrabasic Basic Intermediate Acid 
CE ena a Poe aan ae 2,500 300 150 60 
Vi ee re erat iateae en beeen 100 150 100 80 3 
NGA erence eerste tee 700 200 80 20 
CORE 200 70 30 15 


Ayerages as Oxides based on composite rock samples (Goldschmidt, 1937) 


eS eareieseaace ec Some apa pe 
Ultrabasic Basic Intermediate Acid 
CEO eae ene Sade secraducenwaa dee 5,000 500 100 3 
INO Fern eee aren eee UR oateocs 4,000 200 50 3 
Slo} 8 eracanpecoanen (bs soaceocae donee 300 100 40 10 
Notes for upper part of table (numbers refer to specimens described in Wager and Deer, 1939): 2 
Sigea Spectrographic sensitivity in parts per million. A dash in the table indicates a content below this value. 
‘A maarse Average for gabbro picrites 1,683 and 1,676. 
Bas Average for eucrites 1,851 and 1,846. 
Cote: Average of three determinations of hypersthene olivine gabbro 4,077. 
Dre.-. Average of middle gabbro 3,661 and 3,662 (olivine-free gabbro). 
Betis Average of hortonolite ferrogabbros 1,907 and 3,649. 
Batic: Average of fayalite ferrogabbros 1,974, 4,142, and 1,906. ~ 
Grrcess Average of basic hedenbergite granophyres 4,137 and 1,905. . 
|e Beet Average of acid granophyres 3,058, 360, 359, 2,562, 4,064, 3,659. 
Y Ly Pee Average of chilled marginal gabbros 1,825, 1,724, 1,922 (taken to represent the composition of original Skaer- 


gaard magma). 
Lower part of table: 
The data for the Garabal Hill-Glen Fyne Complex are averages calculated from values given by Nockolds and Mitchell 


(1948, Table II, p. 338). 
The data due to Goldschmidt are taken from his lecture to the Chemical Society (1937, p. 662). 
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_ proposed to present a full discussion elsewhere. The values for the amounts of the trace constituents 
in the rocks are the average of two or more separate determinations. The corresponding figures for 
individual minerals are the result of only one set of determinations, made on 0-02 gram of mineral 
‘grains, hand-picked from the crushed rocks. The spectrographic determinations have been carried out 
by one of us (R.L.M.) at the Macaulay Institute for Soil Research; the techniques used have been 


___ described elsewhere (Mitchell, 1940, 1948). It should be mentioned that spectrographic determinations 


of the minerals were made as particular hand-picked samples became available, and that any general 
trend of the data for particular minerals only became evident when the data were finally assembled. 
_ The figures presented are considered to be between half and twice the true value, but we shall not in 
this place discuss the evidence for this. Much of the interest of the present data is comparative and 
does not depend on the absolute values for the different constituents. With increase in the number 
of spectrographic determinations there is some increase in accuracy. This we have indicated by giving 
two significant figures in the tables, but by this we do not wish to imply that the values are correct to 
two significant figures. Preliminary data for the Skaergaard rocks have previously been presented 
(Wager and Mitchell, 1943). The same general trend is shown by our present data but, where the 
_ actual values differ, the present figures are regarded as the more satisfactory. Data for the minerals 
separated from the rocks have so far not been presented except for certain pyroxenes and olivines 
(Wager and Mitchell, 1945). . 


Il. DATA FOR THE ROCKS 


The data for the rocks are given in the first part of Table I. The gabbro picrites and eucrites of 
columns A and B are early fractions found in the border group. They are regarded as roughly equivalent 
to rocks of the lower part of the layered series which are below the limit of present day observation. 
The rocks of columns C to G represent average rocks of the layered series in ascending order, and 
this is also the order of solidification. Rocks of column H are the latest of the complex and are con- 
sidered to be fractions produced by filter press action in the later stages of the cooling. Column Z 
is the average of four chilled marginal gabbros and is considered to represent the composition of the 
original magma. . ; 

‘Looked at broadly, the results for this series of rocks are what would be expected from the early 
work of Goldschmidt and others. Thus there is a concentration of chromium and nickel in the early 
rocks; slight concentration of cobalt in the early rocks and much less complete reduction in the amount 
of this element in the later rocks compared with Cr and Ni; and concentration of vanadium and copper 
in the middle, or later middle parts of the series. In the lower part of Table I comparison is made with 
Goldschmidt’s data for average ultrabasic, basic, intermediate and acid rocks for the three elements 
for which data are available. Average data are also given for the Garabal Hill-Glen Fyne complex. 
The same general trend in the amounts of chromium, cobalt and nickel, as in the Skaergaard intrusion, 
is seen in these examples but there are divergencies in the case of the intermediate rocks. Thus under 
conditions of strong fractionation like that giving the Skaergaard complex, there is a much more 
complete elimination of chromium and nickel in the intermediate rocks. Indeed this almost complete 
elimination of certain elements under strong fractionation is a remarkable and unexpected feature. 
Somewhat similar trends have been found among a rather complicated series of rocks in Roslagen, 


Sweden, by Lundegardh (1946). 


Ill. DATA FOR THE MINERALS 


Data for the minerals are assembled in Table II. Only minerals regarded as having been a primary 
precipitate of crystals from the convecting magma pool, were separated for analysis. These crystals 
are essentially unzoned except for an intermittent and narrow fringe of lower temperature solid 
solutions which crystallized from the magma present in the interstices of the primary precipitate. 
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PART II; PROBLEMS OF GEOCHEMISTRY 


TABLE II 


Trace Elements in Minerals separated from Rocks of the Skaergaard Intrusion i) 
compared with the Amounts in the Corresponding Rocks and the Estimated Amounts 
in the Corresponding Liquids 


(Contents in p.p.m.) at 


Ve G H 4 


A B Cc D E ; v 
Gabbro  Eucrite Olivine Middle Horton-  Fayalite Basic Acid ‘i 
picrite gabbro gabbro olite ferro-  heden-  grano- 
ferro- gabbro  bergite phyre 
gabbro grano- : 
phyre r 
ROCK Tare? SorReee cottons 1,500 300 230 -- — 1 —_ 14 
Plagioclase ............... 10 — —_ —- = 
Cr Pynoxenesnserte-eeenc es 3 350 —_ ——— — 
(S11) Ue Olivine scorns ae oenace. 20(?) — No ol _ — 
Tmlenite 2 secccaeecses otc 2 == —- — 
Magnetite ............... 200 = =e = 
Liquid (estimated)...... 170 70 oe 1} 5 15, 
ROCK igen cconssecunanteend 120 180 220 400 13 a _ 18 
Plagioclase ............... 10 _ 10 10 —_ 
Vv PYylOXene ean cscteree use: 300 250 100 30 — 
(S=5) pe Olivine ar..eiscee seers — — No ol. — — 
Timenitert ters. -beesteee 600 300 20 — 
Mapnetites.-...-2-6ea-e2 2,000 800 300 — — 
Liquid (estimated)...... 140 230 10 1 4 18 
ROCK a sees rege secaeek 1,000 350 120 40 — — 4 8 
Plagioclase ............... 10 — = = = 
i iPyrOxenessameneseateeeeees 200 140 50 — 
(S=2)= sh Olivine ae -eeeee 2,000 325 No ol 10 — 
Timenite! scnsncenesnseteee 150 50 _- — 
Magnetites.s..scameecses 300 100 S25 MES 
Liquid (estimated)...... 170 60 $ 13 > & 
ROCKM Ec os csee a. tiacioues 90 80 48 40 30 7 12) 5 
Plagioclase ............... ae as eae ae fee 
Co PyfOxeneseascisteeenasssc 60 50 60 40 TS 
(S=2)>1 = Olivine mer esncesesteeiniecs 150 125 No ol 100 20 
Nlimenite te sees 80 100 70 30 
Maznetitettmase see 80 80 60 30 3 
Liquid (estimated)...... 5p 40 20 13 5 5 
ROCK a ccaeartne teen 100 50 67 180 350 300 500 20 
Plasioclase ss; sasseenee 15 55 15 2505 10 
Cu PyTOXxen@s..13.5.6 senna — 35 100 300 1,000 100 
(S==10) | paOlivines o-s..scccceeesnace 20 20 No ol. 300 400 2 
DImMeniten.s hc. eee teen. 100 30 300 400 
Magnetites..ssnreccce at 20 50 500 300 400(?) 
Liquid (estimated)...... 130 | 200 350 450 250 20 


Notes: The minerals were separated from one or other of the rocks mentioned in the explanation to Table I except 
in certain cases where the figures are written across the column when the mineral was separated from some intermediate 
rock, This is particularly the case with the iron ores which are not present as a primary precipitate in the typical olivine 
gabbro (column C) but only in a gabbro transitional to the olivine-free gabbros (column D). A question mark in 
brackets (?) is placed when contamination of the hand-picked mineral by some other mineral present in the rock is 
suspected to have influenced the figures quoted. S indicates the spectrographic sensitivity in parts per million. A dash 
in the table indicates a content below this value. 
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; In the table are also given (1) the amounts of the various trace elements in the rocks from which the 
mineral grains were obtained and (2) an estimate of the amounts in the successive residual liquids 
: from which the minerals were precipitated. The latter estimation is possible because the Skaergaard 
_ intrusion forms a closed system in which the volume, initial composition, and sequence of the various 

‘Tock types is tolerably well known. The amounts of the trace constituents in the residual liquids — 
_ have been estimated at the same stages in the cooling as has already been done for the major 

- constituents (Wager and Deer, 1939, p. 217). | 
pa: Since an approximation can be obtained to the composition of the liquid from which the minerals _ 
_ of the primary precipitate were separating, and since the composition of the crystals themselves is 
_ known, an idea of the distribution factor between crystal and liquid phases may be obtained. In dealing 

_ with trace constituents this concept of a distribution factor has in general only been applied in qualitative 

terms such, for instance, as saying that chromium enters preferentially into pyroxenes rather than 
olivines. It is clearly desirable when possible, to express this degree of preference more definitely 
and our data allow, in some cases, a semi-qualitative value to be given for the approximate distribution 
factor between liquid and certain crystal phases. 

_ The data presented in Table IT may conveniently be discussed for each element separately, beginning 
with chromium. Under column A no data are given for minerals because satisfactorily pure minerals 
have not been separated from the gabbro picrites. The olivine, present in fairly large crystals in the 
gabbro picrite, contains small opaque inclusions often showing crystal shape. This olivine with its 
inclusions was analyzed spectrographically and the considerable amount of chromium found is 
considered to be in the opaque inclusions which are interpreted as chromite. It appears that chromite 
was precipitated from the Skaergaard magma although there was only 0-02 per cent Cr,O, in the 
magma. The extreme insolubility of chromite in basic magma was pointed out many years ago by 
Vogt (1921, p. 322). From the eucrite, which is also an early rock, plagioclase, pyroxene and olivine 

___were separated and analyzed. Chromium largely enters the pyroxene and there is little or none in the 
plagioclase and olivine. This is no doubt to be correlated with the existence of chromian pyroxenes, 
while chromian varieties of olivine and plagioclase have not been described. Spectrographic analysis 
shows 10 p.p.m. of chromium in the plagioclase separated from this rock. Contamination of the 
analyzed plagioclase sample by one part in a thousand of pyroxene would account for this small 
amount of chromium but it is considered more likely that the chromium shown is actually present in the 
crystal lattice of the plagioclase. The olivine sample may have been more heavily contaminated because 
of the greater similarity in appearance of olivine and pyroxene. The 20 p.p.m. of chromium in this 
olivine is thought to be due mainly to contamination of the olivine by pyroxene to the extent of one 

part in 300. 

The pyroxene of the eucrite has 17 per cent of the ferrosilite molecule (Wager and Deer, 1939, p. 
152) and 3,000 p.p.m. Cr; the pyroxene of the olivine gabbro contains 19 per cent Fs. (Wager and 
Deer, 1939, pp. 77-8), and 350 p.p.m. Cr; and the pyroxene of the middle gabbro contains 36 per 
cent Fs. and < 1 p.p.m. Cr. The changes taking place in certain trace constituents are more violent 
than the changes in the major constituents and the virtually complete absence of Cr from the three 
later pyroxenes which have been separated is surprising. 

After the early precipitation of chromite in very small quantities there was a period of fractionation 
during which no spinel mineral formed as a primary precipitate. At a later stage, namely between the 
formation of the olivine gabbro and the middle gabbro, magnetite and ilmenite both became primary 
precipitates. By this stage there is little chromium left in the magma and what there is enters the magne- 
tite and not the ilmenite. The separation of the analyzed samples of the ore minerals was made by a 
rough magnetic method and it was considered that it would only provide samples considerably con- 
taminated one by the other. Taking this into consideration it is clear that the ilmenite is essentially 
free from chromium while the magnetite contains 200 p.p.m. The chromium in the magnetite is presum- 
ably replacing Fe--: and it apparently is not able to enter the ilmenite structure so readily. Had 
the original magma been more oxidized, magnetite would no doubt have appeared earlier in the 
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fractional crystallization process and the magnetite would have been richer in chromi 
at that time, there would have been more chromium available in the magma to enter it 
conditions seem to have occurred in the Bushveld and other complexes where magnetites c 
considerable amounts of Cr. The iron ores separated from the rocks of the middle and upper 
of the layered series are virtually free from chromium. Further consideration is given to the iro 
ores below. 

The chromium distribution factor between pyroxene and liquid for the early rocks (column B) is” 
20: 1; for the next pyroxene analyzed (column C) it is 5:1, and for the olivine in this same rock 4 
(column C) the distribution factor between crystal and liquid is 1 : > 70. These figures give a measure _ 
of how much more readily the chromium ion enters the pyroxene than the olivine structure. 4 


The amounts of chromium in the original liquid and the estimated amounts in successive residual 
magmas show a steady decline until the upper part of the layered series where the magma has become 
_granitic in composition. At this stage our data show a slight increase in Cr. Chromium enters early- — 
separating crystal phases with such Bey) that the amount in the residual Hew is at certain stages. 
reduced below 1 p.p.m. : 

The distribution of vanadium may next be considered. Vanadium is present in moderate amounts 
in the early rocks, reaches a maximum about the middle of the series and then falls to very low 
amounts. The figures of columns B and C, show that the bulk of the V in the rock is presentin pyroxene, 
where it is no doubt replacing ferric iron. When ilmenite and magnetite become primary precipitates, 
between the stages C and D, V enters abundantly into both of these minerals. In the case of magnetite 

' the V is again presumably replacing ferric iron. Vanadium magnetites or maghemites have been 
described, particularly from India (Dunn and Dey, 1937). Our data show that a significant amount of 
V is present in ilmenite and the question arises as to whether V is there replacing Ti. In the four 
olivines investigated the amount of V is below the sensitivity, that is below 5 p.p.m. On the other 
hand some of the plagioclases investigated contained 10 or 15 p.p.m. of vanadium. We do not regard 
the V in the plagioclase as due to contamination with fragments of pyroxene or iron ore, as such 
contamination would be far more likely to occur in the-olivine samples, but instead we believe that 
vanadium is present in some of the plagioclases in significant amounts. Its presence is comparable 
with that of ferric iron which from recent analyses by W. A. Deer (data not yet published) is seen to 
be a significant constituent of plagioclases separated from the Skaergaard intrusion. The plagioclase 
separated from the olivine gabbro, column C, is given as having less V than the sensitivity. Re- 
examination of the spectrograms suggests that the figure is really round about the sensitivity, ie., 
5 p.p.m., but in this case, as in others, we have not revised the first reading of the plates. The reduction 
of V below the sensitivity is no doubt a real effect in the case of the plagioclase of the fayalite ferro- 
gabbro as at this stage there was so little in the magma. 


The estimated amounts of V in the successive liquids show a rise before falling away later to low 
figures of about | p.p.m. The total amounts of V separating in the early minerals was less than that 
present in the original liquid. Thus during the early stages of fractionation there was some enrichment 
of V in the residual liquid. Later, when ilmenite and magnetite became primary precipitates they 
received so much V from the liquid that the amount in the liquid fell rapidly. In the granophyric 
liquids (columns G and H) there is estimated to be a slight increase in the amount of V as for Cr. 


Nickel and cobalt may conveniently be considered together. Ni is strongly concentrated in the 
early rocks while Co is more evenly spread throughout the series. Both elements are present in 
pyroxene, olivine and iron ores. The Ni and Co occupy the Mg-Fe positions in the structures. 
According to Goldschmidt (see for instance 1945, pp. 3-4) Ni enters more readily than Mg because of 
the polarization of the Ni ion. This view is supported by the data presented here. The amount of Ni 
in pyroxene at stage E is less than the sensitivity (i.e. <2 p.p.m.), while in this rock the pyroxene 
still contains 8-33 per cent MgO. Co remains abundant in the middle of the ferro-magnesian series 
and this is ascribed to the ionic size of Co being but little less than that of ferrous iron. 
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____In comparing pyroxene and olivine from the same rock it is clear that Ni and Co are both more 
_ abundant in olivine than pyroxene. This is apparently due to the greater amount of Mg and Fe in 
3 pe olivines than in the pyroxenes, which means that there is more opportunity for replacement in the 
_ olivines than the pyroxenes. The early iron ores, formed between stages C and D, contain about twice 
_ as much Nias Co. In the later iron ores the proportions are reversed and, indeed, iron ores of stage E 
have < 2 p.p.m. of Ni while they contain 60 p.p.m. of Co. In the latest magnetite separated, column 
= F, the amount of cobalt has finally fallen to only 3 p.p.m. Lundegardh (1946, pp. 150-51) has pointed 
out the change in the ratio of Ni to Co in rock series produced by differentiation. 


The estimated composition of the various residual liquids shows a rapid decline in the amount of 
Ni to a very low figure. There is then a slight increase in the amount of nickel, similar to that shown 
by chromium and vanadium. The amount of cobalt in the successive residual liquids shows a gentle 
decline throughout. . 


The last element to be considered is copper, which is strikingly more abundant in the rocks of the 
later middle part of the series than in either the early or latest rocks. At all the stages in the differentia- 
tion series copper shows a tendency to be present about equally in all the minerals considered. Thus 
in plagioclase, pyroxene, olivine and iron ores the amount of copper increases on the whole until the 
hortonolite ferrogabbro, and ferrohortonolite ferrogabbro stages are reached when all five minerals 
contain about 300-1000 p.p.m. After this there is a marked decline in the copper content of the 
___ plagioclase, pyroxene and olivine, while in the magnetite it remains moderately high. It is probable 
_ that copper replaces iron in the ferro-magnesian minerals and that it can replace sodium at certain 
___ stages in the plagioclase solid solution series.* Goldschmidt has described the copper ion as “‘ sausage 
shaped ” (verbal communication) implying that it tends to be able to fit itself into various shaped 
spaces in the crystal structure providing they are reasonably near the right size. 


Because relatively little copper is precipitated in the early minerals the amount of copper in the 
successive residual magmas increases considerably, from 130 p.p.m. to about 450 p.p.m. at the fayalite 
ferrogabbro stage. In the latest liquid of acid granophyre composition the amount has fallen to 20 p.p.m. 


The data for the Skaergaard magnetites are compared with other available data in Table HI. 
The Bushveld iron ores and titaniferous iron ores analyzed by Landergren are richer in Cr and Ni than 
the earliest Skaergaard magnetite. Had magnetite separated earlier from the Skaergaard magma, 
when there was more Cr and Ni present in the magma, then it is to be expected that this magnetite 
would have resembled in a general way the Bushveld magnetites and Landergren’s average for 
titaniferous iron ores. As suggested above, precipitation of magnetite would no doubt have occurred 
earlier in the Skaergaard complex if the magma had been in a less reduced condition. The apatite 
iron ores of Kiruna are poor in Cr and are comparable with iron ores of the Skaergaard intrusion 
from the Middle Gabbros (column D). Shortly after the Middle Gabbro stage in the Skaergaard 
differentiation, apatite became a primary precipitate. The Skaergaard data suggest that apatite iron 
ores may belong to a later stage of fractional crystallization-differentiation than the typical titani- 
ferous iron ores. Analyses of two late magnetites from acid pegmatites in Central Sweden made by 
Lundegardh (1946) have very little Cr, Ni and Co and are thus comparable with the late Skaergaard 
magnetites. Data for the unusual magnetite from Katmai given by Zies (1938) are also of interest 
especially for the Cu and Mo content. 


*Since this communication was read a renewed attempt has been made to find an explanation of the peculiarities in 
the distribution of copper. The fact that the copper content of the fayalite ferrogabbro is high (see column F, Table I) 
while the contents of the separated minerals from this rock are small (see bottom of Table IT) suggested the presence of 
some copper mineral. Examination of polished specimens of the fayalite ferrogabbro shows the presence of sulphide 
minerals, and the textural features suggest that, at an early stage, an immiscible, liquid sulphide phase formed as droplets 
in the silicate melt. It appears that the copper in the magma largely entered the sulphide liquid, depleting the silicate 
magma in this element. Thus the plagioclase, pyroxene, olivine, and iron ores which separated from the silicate part of 
the magma contain only low amounts of copper. 
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TABLE Ill 
Iron Ores from the Skaergaard Intrusion and other sources 
(Contents in p.p.m.) \ 
Titani- Apatite Bune e Magnetite 
Bushveld | ferous s iron ores from 
magnetites | iron ores Bhoermoad -maspels (N. Sweden) oF bch aed Katmai 
Eieneden) Early . Late (Sweden) 

1 2 CD D EF | F 3 4 5 ¢ 
reas Nie 2,800 | 2,200 20 | — ees <10 = = 
Worexanoncenes 1,800 1,400 2,000 800 _ | — 1,300 100 = 
IMO meet se 50 5 3 3 3 30 400 
Niwas 800 300 300 100 — | — 200 — 100 
COle es 200 80 80 30 3 90 — 200 
@uvsiesssieews 20 50 300 400 2,300 
P'S enaanoctace Between 300 and 3,000 4,700 


Column 1. Mean of first seven analyses of Bushveld magnetite ores (Hall, 1932, Table XLII, p. 346). These trace 
constituents have not been estimated in all the five analyses. 

Column 2. Average values for titaniferous iron ores of North Sweden (Landergren, 1948, p. 108). 

The Skaergaard data are the same as Table II with additions. The same letters are used for the columns as in the 
previous tables. 

Column 3. Average values for apatite iron ores of North Sweden (Landergren, 1948, p. 108). 

Column 4. Mean for two magnetites from acid pegmatites in Sweden (Lundegardh, 1946, p. 125 and p. 140). 

Column 5. Magnetite of unusual origin and composition from Katmai, Alaska (Zies, 1938, pp. 385-404). 


IV. CONCLUSION 


The main intention of this paper is to show, by means of the tables of data, the actual trend in the 
amounts of trace constituents in a series of minerals formed by strong crystal fractionation. So far 
as can be seen this trend is in harmony with the crystal chemical factors of ionic size, charge, etc., 
brought to the notice of geologists by V.M. Goldschmidt. Crystal chemists may find in the new data 
some evidence for further consideration of these factors. 


In addition, other general conclusions may be briefly indicated :— 


(1) Under conditions of strong fractionation there may be striking variations in the amounts of 
trace constituents present in a mineral series. The changes in the proportions may be much more 
marked than the changes in the proportions of the major constituents. It is not wished to suggest that 
the trend shown by our data is the only trend likely to be shown by solid-solution series of minerals 
formed during fractional crystallization of basic magma, but it is suggested that it indicates the kind 
of variations to be expected under such conditions. 


(2) The trace constituent composition of the minerals of igneous rocks is controlled by two 
different sets of factors. There are the crystal chemical factors such as ionic size and charge. These 
decide whether it is possible or not for the trace element to enter a particular crystal lattice. Whether 
the trace element actually does enter into the make-up of a particular crystal phase is controlled by 
a further set of factors which may be grouped under the heading of geological or petrogenetic factors. 
One of the most important of these is whether or not the sequence of events has been such that the 
trace element is available in the magma at the time of crystallization of a particular mineral. This 
may seem a self-evident point but it is nevertheless worth stating, and worth illustrating by reference 
to the iron ores (Table III). The early Skaergaard magnetites contain Cr, V and Ni in considerable 
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am ounts while the later do not. There is no crystal-chemical reason why the ions of Cr, V and Ni- 
:: should not enter the crystal structure of the later magnetites and the reason they are not present is 
_ that they are not available in the magma during the later stages of solidification. This is a matter of — 

_ the petrogenetic history of the rocks. 


a (3) Crystal fractionation is seen to lead to an almost complete elimination of Cr, V and Ni in the 
residual magmas of the late middle stages, but it appears that in the final stage there is some slight 
increase in concentration of these. The cause of this is not clear but the state of oxidation of the 
_ element may be a factor in some cases. 4 


(4) There is a rough relationship between the distribution of the trace elements at various stages 

in the differentiation of the Skaergaard magma and the usual associations shown by the mineral 

deposits of these elements. Thus mineral deposits of Cr and Ni are usually associated with ultrabasic - 

or basic rocks while Cu tends to occur in association with basic and intermediate rocks; the same 

_ associations are found for these elements in the Skaergaard intrusion complex. The odd increase 

of Cr, V and Ni in the acid granophyre stage after the almost complete elimination at an earlier stage 

' may possibly have some connection with the occasional occurrence of these elements as late oxidized 
ores. 


(5) When the trace constituents of the intermediate rocks of the Skaergaard intrusion (Table I, 
columns E and F) are considered there is no reasonable correspondence with Goldschmidt’s average 
for intermediate rocks or with the data for intermediate rocks from the Garabal Hill-Glen Fyne 
Complex (lower part of Table I). Typical intermediate rocks have not been formed by the strong 
fractional crystallization of the Skaergaard magma and this is true whether major or trace con- 
stituents are considered. (For the major constituents compare Wager and Deer, 1939, pp. 313-14 
and Fig. 62). This may result from peculiarities in composition of the original Skaergaard magma or 
; 


it may be due, as we have formerly suggested when considering the major constituents, to the bulk 

of the intermediate rocks in the Earth’s crust having another origin than that of straightforward 
_ fractional crystallization (Wager and Deer, 1939, p. 324). 

A possible alternative hypothesis to fractional crystallization for the origin of the intermediate 
rocks is that they result from mixing of basic and acid rocks. It is worth pointing out that, for the 
trace constituents here considered, mixing of basic rock (column C) with acid rock (column H) would 
give values for Cr, Ni and Co in accord with those found by Goldschmidt for the intermediate rocks. 
Thus, if the Skaergaard intrusion gives any indication of the way in which fractional crystallization 
of basalt normally takes place, then anything approaching typical intermediate rock would only be 
produced by mixing of the basic and acid differentiates, and this is true not only for the major 
constituents but also for the trace constituents here considered. 
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THE VERTICAL CIRCULATION OF MATTER IN THE EARTH’S CRUST 


. By WALTER WAHL 
Finland 


ABSTRACT 


The paper deals with the vertical circulation brought about by isostatic adjustment and orogenic warping down of — = 
portions of the crust, whereby at certain depths the early melting alkaline feldspars are remelted and together with the bs 
volatiles, dissolve quartz and a little of the femic components furnishing palingenic granite magma. Since this granite magma 
is less dense than the remaining femic material of the partly molten rock, the granite magma will rise, forming an upper 
“ sial ” layer, the remaining femic material of the rocks forming the upper portion of the “ sima ”’ layer. 


At certain depths the sodium-rich portions of the plaglioclases of diorites and gabbros will melt and together with the 
kaliophilite constituent of broken-up mica form foyaitic-phonolitic magmas. At places where the entire rockground is 
remelted we obtain the granodioritic magmas of the orogen plutons and andesite volcanoes accompanying orogenic 
movement. Ata certain depth hornblende and mica break down and the excess of volatiles will, at temperatures above 
their critical one, dissolve fairly large amounts of iron and magnesia compounds forming juices, which on reaching higher 
levels of the earth’s crust, bring about the “ magnesiametasomatism ”’ and related metamorphic processes. The cycle of : 
vertical circulation is completed by the magmas rising from the sial and sima layers to the surface of the earth. 

[Published in full as ‘‘ Isostasy and the origin of sial and sima and of parental rock magmas ” in American Journal 
of Science, vol. ccxlvii, 1949, pp. 145-167.] 


val 


DISCUSSION 


P. NicG.i said he would like to have the opinion of Prof. Wahl on two questions: (1) Does he think that the main 
part of the remelted earth shell belongs to sima or to old sedimentary rocks of the sial? (2) Have we an increase of the 
sialic continental layers in geological time? 


He thought also that the first lavas in geosynclines are to a large part not spilitic lavas but normal basaltic ones. 


W. Want (in reply): The thickness of the sial layer would depend on the temperature gradient, since a temperature 
level constitutes the lower temperature boundary surface of the sial. The thickness of the sial would thus vary with the 
geothermic gradient and be different under continental areas and orogenic belts, as it is from earthquake measurements 
actually known to be. As to the thickness of the salsima and the outer shells of the sima these would also on the same 
grounds, vary in different parts of the surface of the earth. The sima shell in its lower peridotitic parts would probably 
be of very great thickness. 


Also the magmas originating in cratogenic regions are dealt with in the paper to be published. The differentiation of 
parental magmas is thought to take place principally during the ascent of the magmas from the shells in which they 
were produced into the upper parts of the earth crust. 
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